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The de novo genome assembly has become an essential approach for studying non-
model organisms since the post-genome era arrived. The reported cases of de novo 
genome assemblies of non-model arthropods have increased dramatically in recent 
days. The marine arthropod, however, is one of the least sequenced animal groups 
despite of their surprisingly high taxonomic and morphological diversity. The de novo 
genome studies on these marine arthropods remain mostly limited in terms of their 
cases and quality of assemblies up to now. This study therefore conducted the first 
case of de novo genome research focusing to the under-sampled marine arthropod 
ii 
groups, the Class Pycnogonida and the Infraorder Brachyura in Korea. In this study, 
one mitochondrial genome and four whole-genomes were de novo assembled and their 
genomic characteristics were discussed. While the two cases of de novo genomes 
assembled by using short read-length sequencing showed limited assembly quality, the 
long read-length based assemblies of Nymphon striatum and Chionoecetes opilio 
provided significantly informative, high-qualitied genomes. The preliminary 
phylogenomic research of this study which firstly included the representative genomes 
of pycnogonid and brachyuran decapod, also implied that recent hypothesis of 
xiphosuran nested in the most derived clade, Arachnopulmonate, is indeedly plausible. 
Furthermore, the limitations of de novo genome researches on the laboratory 
experiment lacking bioinformatics background were discussed to establish an 
optimized research workflow for the genomic study on non-model marine arthropod. 
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  Whole-genome sequencing is defined as a procedure which determines the entire 
genomic nucleotides of an organelle or an organism by connecting relatively short, 
fragmented shotgun genomic reads (Paszkiewicz and Studholme, 2010). This concept had 
greatly affected on the entire fields of biology ever since the completion of the draft 
human genomic map in 2003, which was declared by the Human Genome Project team. 
Also, the development of the Next-generation sequencing technologies is another great 
milestone for the genomic researches. These early technologies of “Next-generation 
sequencing”, such as the Pyrosequencing of 454 Life Sciences and Illumina’s sequencing-
by-synthesis, had enabled to generate massive amounts of decoded nucleotides in parallel, 
which was impossible for the Sanger sequencing used in Human Genome Project (Mardis, 
2008). In past decades, the project cost per a three billion bases, or 3Gb-sized genome has 
dramatically reduced from 100 million US dollars in around 2001 to only 1,000 US 
dollars in around 2016, according to the data provided by the National Human Genome 
Research Institute (National Human Genome Research Institute, 2019). Nevertheless, 
sequencing nearly human-sized genomes with such low cost is only available for a few 
completed model-organisms by “Resequencing” technology, which greatly reduce the 
minimum required coverage for determining a genome via mapping against the already 
completed, “reference genome” of the same species. Therefore, the de novo genome 
sequencing and assembly are required to decode the whole-genome of non-model 
organisms which assembles the genome from fragmented sequencing reads without any 
reference genome (Ellegren, 2013). 
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There are two major differences between reference genomes of model organisms and 
de novo genomes of non-model organisms; the quality of genomic assembly and 
annotation. The quality of genomic assembly is often measured with “3 Cs” criteria, 
which contains contiguity, completeness, and correctness of the assemblage (Studholme, 
2015; https://www.pacb.com/blog/beyond-contiguity/). Due to the limitation of read-
length of Next-generation sequencing technologies, de novo assembled genomes may 
have too much number of fragmentary genomic sequences; or low contiguity, parts of 
coding or non-coding structural genomic regions not assembled; or low completeness 
(Narzisi and Mishra, 2011; Studholme, 2015). Moreover, false positive cases of indels or 
translocations might be resulted from miss-assembled genomic sequences with low 
correctness which can misinform genomic annotation or further evolutionary or 
comparative genomics studies (Phillippy et al., 2008; Meader et al., 2010). The genomic 
annotation is the another challenge of de novo genome research, which is conducted by 
computer-based prediction of the genomic structure, such as genes, repetitive elements, 
single nucleotide variations (SNPs), and the functions from these components (Stein, 
2001; Iliopoulos et al., 2003; Reese et al., 2003). Needless to say, both the quality of 
genomic assembly and annotation are critical for de novo researched non-model 
organismal genomes, however they are considered as the bottleneck of the workflow of 
those researches which cost enormous cost and time (Phillippy et al., 2008). 
In 2013, there were 215 genomes of non-model animal species which had been 
reported (Ellegren, 2013). According to this study, only two marine arthropods were 
reported with their genomes sequenced, among the 77 sequenced arthropod species.    
In addition, the Wikipedia article which is titled as “List of sequenced animal genomes” 
(https://en.wikipedia.org/wiki/List_of_sequenced_animal_genomes/, Lastest update at 
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2020.05.24., Retrieved at 2020.06.01.) was referred for detailed further investigation on 
the statistics of sequenced animal genomes. From its list of the animal species, over 505 
animal species have had their genomes sequenced de novo with literature publications 
(Table 1, Appendix Table 1).  
 
Table 1. List of Sequenced animal genomes with taxonomical and habital information, 
modified from Wikipedia article (Latest update at 2020.05.24. Retrieved at 2020.06.03.) 
Clades Phylum / Subphylum Class No. of genomes "Marine genomes" 
Porifera Porifera Demospongiae 3 3 
Eumetazoa Ctenophora Tentaculata 2 2 
Parahoxozoa 
Placozoa N/A 2 2 
Cnidaria 
Anthozoa 7 7 
Cubozoa 1 1 
Hydrozoa 2 2 
Scyphozoa 4 4 
Staurozoa 1 1 
Deuterostomia 
Hemichordata Enteropneusta 2 2 
Echinodermata 
Asteroidea 1 1 
Echinoidea 1 1 
Holothuroidea 1 1 
Chordata / 
Urochordata 
Ascidiacea 2 2 
Appendicularia 1 1 
Chordata / 
Cephalochordata Leptocardii 1 1 
Chordata / Vertebrata 
Hyperoartia 1 1 
Chondrichthyes 5 5 
Actinopterygii 40 24 
Sarcopterygii 1 1 
Amphibia 8 0 
Reptilia 21 4 
Aves 96 25 







Table 1. Continued from the previous page 
Protostomia Arthropoda / Hexapoda Insecta 102 0 
 Arthropoda / Crustacea Hexanauplia 2 2 
  Branchiopoda 2 0 
  Malacostraca 4 3 
 Arthropoda / Chelicerata Merostomata 2 2 
  Arachnida 9 0 
 Arthropoda / Myriapoda Chilopoda 1 0 
 Tardigrada Eutardigrada 1 0 
 
Mollusca 
Bivalvia 14 13 
Cephalopoda 5 5 
Gastropoda 6 3 
Platyhelminthes 
Cestoda 7 0 
Rhabditophora 2 0 
Trematoda 1 0 
Protostomia 
Nematoda 
Chromadorea 21 0 
Enoplea 4 0 
Annelida 
Polychaeta 1 1 
Clitellata 2 0 
Brachiopoda Lingulata 1 1 
Rotifera Eurotatoria 1 0 




Figure 1. The numbers of terrestrial and marine species of Subphylum Vertebrata and 
Phylum Arthropoda whose genome sequences were de novo assembled. 
 
Among those cases, species of Class Aves and Class Mammalia, which are the two 
most thoroughly sequenced animal clades, occupied 96 and 113 cases of sequenced 
genomes, respectively. The species of Subphylum Hexapoda record as 103 cases of 
sequenced genomes, thus the sum of sequenced birds, mammals and hexapods occupies 
61.78% of the entire cases of sequenced animal genomes. On the other hand, when those 
animal species are categorized by their known habitats, terrestrial species including the 
species inhabiting in fresh water environments record as 374 cases, so that they occupied 
74.06% of the total known cases. There are 131 cases of marine animals with euryhaline 
animal species considered as marine animals, and amongst these marine taxa, 61 species 
are marine invertebrates when marine vertebrates are excluded, and there are only 7 
species of marine arthropods (Table 1, Figure 1). With further literature investigation on 
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the published non-hexapod arthropod genomes, an additional horseshoe crab species was 
reported with fully sequenced genome (Nossa et al., 2014; Kenny et al., 2016). In cases of 
the crustacean species, there are 6 cases of sequenced species of Subclass Copepoda 
(Polechau et al., 2015; Madoui et al., 2017, Barreto et al., 2018; Jørgensen et al., 2019a; 
Jørgensen et al., 2019b; Kang et al., 2017), 3 additional cases of species of Subclass 
Branchipoda other than Daphnia pulex (Coulbourne et al. 2011; Baldwin-Brown et al., 
2018; Savojardo et al., 2018; Lee et al., 2019). For crustacean class, Malacostraca, a 
terrestrial isopod species, Armadillidium vulgare (Chebbi et al., 2019) and two amphipod 
species, Parhyale hawaiensis (Kao et al., 2014) and Hyaella azteca (Poynton et al., 2018) 
were reported with fully sequenced genomes. In Order Decapoda, the most famous and 
economically important malacostracan taxa, 6 species of shrimps, Penaeus japonicus and 
P. monodon (Yuan et al., 2018), P. vannamei (Zhang et al., 2019), Caridina multidentata 
(Sasaki et al., 2017), Neocaridina denticulata (Kenny et al., 2014), Exopalaemon 
carinicauda (Yuan et al., 2017), a crayfish, Procambrus virginalis (Gutekunst et al., 
2018), and two species of true crabs, Eriocheir sinensis (Song et al., 2016; Tang et al., 
2020a), Portunus trituberculatus (Lv et al., 2017; Tang et al., 2020b) were reported with 
decoded genomes. These cases of less than 30 de novo researched genomes of non-
hexapod arthropod indicate that non-hexapod arthropod species are far under-sampled 
compared to hexapod species, despite of their taxonomical diversity and importance. 
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Literature Reviews and General Introduction 
It is widely known as the marine ecosystem covering more than 70% of the total 
surface of the Earth and occupying more than 97% of its water mass volume. The marine 
ecosystems extend from the intertidal zones to the abyssal zone reaching up to 6000m in 
terms of their depths, and from coastal regions to the open ocean in terms of their 
distances from the nearest landmass. Therefore, they support vast range of diverse marine 
species, with more than 190,000 documented species and more than 2 million species yet 
to be described (Mora et al., 2011). In terms of taxonomical diversity, 12 animal phyla are 
found in exclusively marine habitats amongst extent 35 phyla while there is no known 
animal phylum whose species inhabit only in terrestrial habitats (Boeuf, 2011). From the 
historical view of the life, the great part of major animal clades has been evolved at the 
marine ecosystems for more than 540 million years, since the Cambrian explosion which 
triggered the massive adaptive radiation of extent animal phyla and the evolution of their 
enormously diverse body plans (Marshall, 2006). 
For exemplar, Class Insecta from Subphylum Hexapoda solely contributes more than 
80% of the total number of described arthropod species with relatively limited variety of 
their body plans, which is contrasted to that species richness of marine arthropods are 
widely distributed along more than 6 marine arthropod Classes, such as Pycnogonida 
(Subphylum Chelicerata), Branchiopoda, Hexanauplia, Icthyostraca, and Malacostraca 
(Subphylum Crustacea) with their extremely differentiated body plans (Oakley et al., 
2012). While insects share their common body plan (the head capsule, thorax consisted 
with three segments bearing legs, and abdomen), marine arthropods have vast diverse 
patterns of their body plans in terms of the pattern and number of segments and their 
appendages, and the degree of fusion of segments in each tagma (Deutsch and Mouchel-
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Vielh, 2003; Grimaldi, 2009). Furthermore, Class Cephalocarida and Remipedia, archaic 
crustacean clades with only a few reported species, were reported as the most probable 
candidate of the sister taxa of Subphylum Hexapoda by recent phylogenomic researches 
(Reiger et al., 2010; Andrew, 2011; Reumont et al., 2012). Thus, these cases imply the 
fact that marine ecosystems serve as the reservoirs of archaic animal taxa which are 
crucial to understand the early evolutionary histories of modern crown animal groups and 
emphasize the necessity of de novo genome researches targeting on these marine animals. 
As mentioned in the previous subsection, however, marine invertebrates are the least 
researched animal group in the field of de novo genome research. Moreover, the qualities 
of their assembly and annotation are usually much worse than those of reference model 
organismal genomes (Ellegren, 2013). I retrieved detailed statistics data for qualifying 
some published arthropod genomes from the “NCBI Genome List” webpage 
(https://www.ncbi.nlm.nih.gov/genome/browse#!/, Latest update at 2020.05.03. Retrieved 
at 2020.05.03.) for comparing the qualities of genomic assemblages of model arthropods 
and non-model, marine arthropods (Table 2). In Subphylum Hexapoda, the statistic 
values of two thoroughly studied model organisms, Drosophila melanogaster and 
Anopheles gambiae (Class Insecta, Order Diptera) were retrieved with those of a non-
model insect, Folsomia candida (Class Entognatha, Order Isotomidae). The previously 
referred 2 amphipods (Class Malacostraca, Order Amphipoda), 4 branchiopods (Class 
Branchiopoda), 6 copepods (Class Hexanauplia, Subclass Copepoda), and an isopod 
(Class Malacostraca, Order Isopoda) were also investigated. Finally, to the best current 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































To validate the contiguity of de novo assembled genomic sequences, 3 criteria of 
contiguity, completeness, and correctness are famously used as I mentioned in the 
previous subsection. There are two mostly used concepts to assess the contiguity of 
genomic assemblage, one is the N50, and the other is the number of genomic contigs or 
scaffolds (Meader et al., 2010). The N50 value is defined as the length of the smallest 
genomic contigs or scaffolds when its length summed with those of entire bodies of 
smaller contigs or scaffolds firstly reaches at least 50% of the total length of assemblage 
(Miller et al., 2010). With the consideration of the total length of assembly and the contig 
or scaffold number, N50 provide intuitive understanding on the quality of genomic 
contiguity. The completeness of the assembly can be verified from various features, such 
as the ratio between the finally assembled and initially estimated genome size, the ratio of 
ambiguous bases resulted from the scaffolding process (Pop et al., 2004), and the relative 
number of core orthologous genes predicted from the genomics sequences (Parra et al., 
2007; Simão et al., 2015). On the other hand, the correctness of genomic assembly is 
relatively hard to be measured (Miller et al., 2010; Earl et al., 2011). The relative content 
of ambiguous bases can be used to infer the correctness of assembly indirectly, since the 
lower the computational threshold for connecting contigs into a scaffold becomes, the 
more miss-assemblies (such as collapsing repetitive regions or introducing false 
translocatons between distantly located contigs) happen with increased amount of 
unambiguous bases introduced (Meader et al., 2010). 
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Figure 2. The assembly quality of sequenced genomes of some hexapod and copepod, 
decapod crustaceans described in Table 2. 
 
There are five model-organisms in Table 2, D. melanogaster and A. gambiae belonging 
to the Hexapoda and Daphnia magna, D. pulex, and Parhyale hawaiensis belonging to 
the Crustacea. The genomes of these well-studied arthropods show high genomic 
contiguity, which are indicated with the number and N50 values of their genomic contigs 
and scaffolds. Moreover, the percentages of ambiguous bases are recorded generally low 
considering their contiguity parameters, such as more than 1Mb (1 million bases) long 
N50 values of their genomic scaffolds. In contrast, the majority of crustacean genomes, 
except two Daphnia species, demonstrate much lower genomic contiguity than those of 
model arthropods (Table 2, Figure 2). Except for two copepod species of Genus 
Tigriopus, their scaffold N50 value are less than 1 Mb, and as the other extreme cases, 2 
copepods (Acartia tonsa, Apocyclops royi), 4 decapods (Caridina multidentata, 
Exopalaemon carinicauda, Neocaridina denticulata, Penaeus japonicus, and P. monodon) 
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genomes show scaffold N50 value even shorter than 1,000 bases indicating their 
substantially low genomic contiguities. Moreover, non-model arthropod genomes bigger 
than 1Gb (1 billion bases) demonstrate ambiguous bases ratios substantially high (up to 
50.507% in Procambrus virginalis) considering their genomic contiguities.  
In terms of the quality of genomic annotation, differences between non-model and 
model arthropod genomes are more drastic. Amongst 5 model arthropods with highly 
contiguous genomes, Daphnia pulex and Parhyale hawaiensis are only cases without 
reviewed genomic annotation published in the NCBI Refseq database (Table 2). In 
contrast, irrelevant to their published articles, 16 species out of 19 total non-model 
arthropods do not contain publically accessible genomic annotations in the NCBI Refseq, 
except for Folsomia candida, Hyalla azteca, and Armadillidium vulgare. Lastly, 3 
decapod species (Neocaridina denticulata, Eriocheir sinensis, and Portunus 
trituberculatus reported from Lv et al., 2017) are found to be currently inaccessible from 
NCBI Genome List webpage, leaving their accession numbers of Bioproject and 
Biosample only. Therefore, these cases imply insufficient quality assessment against their 
genomic assemblies and annotations. 
The non-hexapod marine arthropods are the least researched animal groups despite of 
their great necessities for de novo genome research in order to understand the early 
evolutionary history of this phylum. Moreover, publically accessible genomic annotations 
of these marine arthropods are much more limited in number compared to assembled 
genomic sequences of the very same species, which is another great obstacle for 
conducting comparative genomic analyses to understand their evolution. 
This study therefore conducted de novo genome researches on 3 species of marine 
arthropods (Chionoecetes opilio, Nymphon striatum, and Portunus trituberculatus) which 
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belong to the undersampled arthropod taxa, Class Pycnogonida and Infraorder Brachyura. 
A marine ray-finned fish (Liparis tanakae) genome was also researched in this study that 
provided a unique insight on its genomic characteristics and the quality control criteria to 
verify the quality of assembled 3 arhtropod genomes. In addition, using these de novo 
assembled arthropod genomes, a preliminary case of evolutionary genomic study was 
conducted in a laboratory without high level computering resources. The comprehensive 
approaches of this study aim to provide unique insights on the Chelicerate phylogeny 
with publically available data of the assembled de novo genomes deposited to the NCBI. 
 
The following contents of each chapter are summarized here: 
1) Chapter 1 describes the pilot researches for establishing de novo genome research 
workflows with a marine ray-finned fish genome assembly (L. tanakae) and basic 
phylogenetic analyses with full mitochondrial genome datasets (C. opilio). 
2) Chapter 2 demonstrates three arthropod de novo genome assemblies (C. opilio, N. 
striatum, and P. trituberculatus) and their quality improvement procedures. This chapter 
also provides discussion on the optimization methods of de novo genome researches for 
non-model marine arthropods. 
3) Chapter 3 provides a preliminary case of comparative genomic study which applys 
the de novo genomes of C. opilio, N. striatum and P. trituberculatus with 16 selected 






Chapter 1. THE PILOT RESEARCHES FOR 







1.1. The preliminary genomic studies on Liparis tanakae and its 
genomic characteristics 
1.1.1. Introduction 
It is known that fishes occupy more than half of the all known vertebrate species 
(Koepfli et al., 2015), and within them, they also show great diversity in body plans 
ranging from those of jawless fishes (Superclass Cyclostomata), to those of the most 
specious group, ray-finned fishes (Class Actinopterygii). Thanks to their diversities and 
often unusually small, a few hundred Mb sized genomes, numerous model and non-model 
actinopterygiian fishes have been sequenced since the early era of genomics (Brenner et 
al., 1993; Aparicio et al., 2002; Jaillon et al., 2004). In addition to their convenience of 
obtaining relatively high-qualitied genomes, these actinopterygiian genomes also enabled 
one of the first true comparisons between large, interspecies genomic structures which 
revealed the series of lineage-specific whole-genome duplication events in early 
vertebrate history (Christoffeles et al., 2004; Jallion et al., 2004). 
The Family Liparidae is one of the most specious actinopterygiian families (Chyung, 
1977; Knudsen et al., 2007) including 29 genera and about 345 species in the world 
(Chernova et al., 2004; Chernova et al., 2005; Stein, 2006). Liparid fishes are known with 
peculiar morphological characteristics, such as thin and loose gelatinous skin without a 
scale. From the view from marine arthropod genomics field, their mucous rich tissues can 
be applied as models for extracting high molecular-weighted genomic DNA suitable for 
de novo genome sequencing, which is one of the greatest obstacles in many marine 
animals, such as mollusks and crustacenas with slimy tissues (Bitencourt et al., 2007; 
Panova et al., 2016; Schultzhaus et al., 2019). 
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Liparis tanakae is a common snailfish species in the coastal water of Korea, China and 
Japan (Tomiyama et al., 2013; Chen et al., 1997; Rhodes, 1998; Jin et al., 2003). It has 
also been reported economically important species as one of a major predator of both 
wild and hatchery-released juveniles of a famous edible fish, Japanese flounder 
(Paralichthys olivaceus) in East Asian countries (Tomiyama et al., 2009). In addition, it is 
also commercially caught as an edible fish in some localities of Korea and Japan, and 
used as the main ingredient of a local winter season tonic soup in Korea (Ustadi et al., 
2005). As an exemplar monitoring case of its population, a Korean Institute has started to 
release artificially fertilized and raised juvenile L. tanakae to promote the protection of its 
population since 2013, which resulted the annual amount of released juveniles increased 
from 2 million to 79 million in 5 years (Korea Fisheries Resources Agency, unpublished 
data, 2019). 
In addition to its economic importance, L. tanakae shows typical morphological 
characteristics as in other liparid fishes. There are some preliminary genetic and 
proteomic researches focusing on biochemical natures of its tissues. A study suggested 
five novel candidate genes rich in its skin and muscle tissues of high glycoprotein 
contents which might contribute to evolution of the liparid-specific morphological 
characteristics by histochemical analyses (Song et al., 2000). The following research 
which had conducted an interactive in situ hybridization and immunohistochemistry 
reported specific expression patterns of these five novel candidates in L. tanakae tissues 
and one specific clone with unique expression patterns shared with L. tanakae tissues and 
human salivary tissues (Song et al., 2002). In addition, these researches provided a 
hypothetical 3D-protein structures of these novel candidates from tissues of L. tanakae 
which shared similar predicted function and structure with those of human aPRPs (acidic 
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proline-rich-proteins) rich in human salivary glands (Song et al., 2002). Their interactive 
genomic study, however, does not exist until the year 2019, despite of peculiar 
morphological traits of liparid fishes. 
 The aim of this study is to assemble and annotate de novo sequenced genome of 
Liparis tanakae for the first time, and provide a genomic resource verified, deposited to 
the NCBI data reservoir that is available open to public. The annotated de novo genome 
assembly of L. tanakae was used to discuss the evolution of its liparid specific 
morphologies by comparing the collagen family of structural genes with four model 
vertebrate genomes. In addition, the methodologies used in this study are used as a pilot 
research to establish workflows of marine arthropod de novo genome researches in 
Chapter 2 and 3. Futhermore, the statistics of de novo assembled L. tanakae genome was 
used as a verified control group to assess the assembly quality of three arthropod 
genomes researched in Chapter 2. Here, I report the first de novo draft genome of L. 




1.1.2. Materials and Methods 
Sample collection and Whole-genome sequencing 
A juvenile female L. tanakae with its body length 21.01cm and mass 50.32g, was 
collected at around 400 meters deep from the East Sea of South Korea (38.76ºN, 
130.85ºE) (Figure 3). In order to prevent the degradation of genomic and transcriptomic 
nucleic acids, the sample was immediately placed in the liquid nitrogen and brought to 
the laboratory. The tissue preparation and lysis procedures were conducted according to 
described protocols suitable for various types of animal tissues (Zhang et al., 2013). Its 
muscular tissue (approximately 1cm3) was isolated from the frozen individual and then 
homogenized by grinding with liquid nitrogen immersion. The resulted tissue powders 
were then followed by a manual phenol/chloroform DNA extraction. The transcriptomic 
RNA was extracted from these powdered tissues using TRIzol® RNA Reagent (Thermo 
Fisher Scientific, MA, USA) following the manufacturer’s instruction. In order to obtain 
sufficient amount and quality for de novo genome sequencing, both of the extracted 
genomic DNA and transcriptomic RNA were verified using a NanoDrop 1000 
spectrometer (Thermo Fisher Scientific, MA, USA) and a 2100 Bioanalyzer (Agilent 
Technologies, CA, USA). The validated DNA and RNA extracts from the L. tanakae 
specimen were about approximately 5μg, respectively. Finally, the specimen information 
was deposited at the NCBI with following accession numbers (PRJNA523297, SAMN10970109). 
TruSeq DNA Nano DNA Library Preparation Kit and Nextera Mate Pair Library 
Preparation Kit V2 (Illumina, CA, USA) were used to construct the genomic DNA 
libraries for Illumina paired-end (PE) sequencing. To generate the transcriptomic cDNA 
libraires for RNA sequencing, TruSeq RNA library preparation kit v2 (Illumina, CA, 
USA) was applied. To construct 6 different insert-sized genomic libraries and a 
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transcriptomic library (Table 3), the nucleic acid extracts were sheared with Covaris 
instrument (Covaris®, MA, USA) with 200 cycles of running at 6°C to obtain optimized 
insert-sizes of each library in Table 3. These sheared extracts then underwent 
modifications of end repair (paired-end), circularization (mate pair), adapter ligation and 
enrichment, following the protocols in each respective manufacturer’s instruction. The 
resulted sequencing libraries were validated by 2100 Bioanalyzer before the de novo 
genome sequencing. Finally, HiSeq 4000 insrument (Illumina, CA, USA) was applied to 
sequence these libraries using HiSeq 4000 SBS Kit. 
 
Figure 3. The juvenile female Liparis tanakae used in this study 
Table 3. The statistics of libraries and de novo sequenced reads of Liparis tanakae 



















paired-end 350 151 55,246,020,081  423,247,172  42.16 97.87 92.36 
DNA, 
paired-end 550 151 55,847,817,195  444,495,594  41.90 97.56 91.84 
DNA,   
mate pair 3,000 151 9,634,828,376  72,884,446  43.49 92.72 83.61 
DNA,   
mate pair 5,000 151 8,156,715,114  60,728,058  42.96 92.09 82.33 
DNA,   
mate pair 8,000 151 40,076,007,643  304,166,366  43.14 92.99 84.25 
DNA,   
mate pair 10,000 151 60,424,370,494  400,161,394  41.94 95.91 89.91 
RNA, 




De novo genome estimation and assembly 
The raw genomic and transcriptomic de novo sequenced reads were verified using Q30 
quality score (error rate of sequenced reads less than 0.1%) by FastQC v0.10.0 software 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The ligated adapter 
sequences were trimmed using Trimmomatic (Bolger et al., 2014). The genome survey of 
L. tanakae was conducted using Jellyfish v1.1.11 software which assembled 350 bp and 
550 bp insert-sized paired-end sequenced reads with 3 diff1ernt K-mer sizes (7, 21, 25bp) 
to estimate its genomic size (Marçais & Kingsford., 2011). According to the predicted 
600Mb sized genome, de novo assembly was performed using SOAPdenovo2 (v2.04) 
(Luo et al., 2012) and Platanus v1.2.4 (Kajitani et al., 2014) with K-mer size parameter as 
variable and other parameters as default states, to obtain assembled genomic contigs from 
paired-end sequenced reads. Platanus v1.2.4 was applied for the scaffolding and gap-
closing using mate pair sequenced reads with long insert-sizes, to generate consensus, 
scaffolded draft genomic sequences of L. tanakae. These scaffolded and gap-closed 
genomic sequences were trimmed out of short fragments whose length were less than 
1,000bases, for increasing the quality of assemblage and genomic annotation. Finally, the 
draft genome was validated by searching core orthologous genes shared in 




Transcriptomic analyses and genomic annotation 
The filtered de novo sequenced transcriptomic reads were assembled into contigs using 
Trinity r20140717 software (Grabherr et al., 2011). These assembled contigs which 
representing hypothetical transcripts were then clustered to remove excessive redundant 
contigs using CD-HIT-EST v4.6 software (Li and Godzik, 2006) with default parameters. 
The TransDecoder v 3.0.1 (https://github.com/TransDecoder/TransDecoder/) was used to 
predict open reading frames (ORFs) from these clustered contigs with default parameters 
and minimal length threshold of 100 amino acids. The relative abundance of each 
predicted ORFs were calculated from RSEM algorithm (Li and Dewey, 2011) which is 
incorporated in the Bowtie v.1.1.2 softare (http://deweylab.github.io/RSEM/). In addition, 
hypothetical functions of these ORFs were also predicted by NCBI BLASTX local 
application (Cameron et al., 2004) and DIAMOND program (Buchfink et al., 2015) with 
default e-value threshold of 1.0E-5. The orthologous gene databases were used for the 
functional annotation of these hypothetical transcripts as following: Kyto Encyclopedia of 
Genes and Genomes (KEGG), NCBI nucleotide and non-redundant databases, Pfam, 
Gene ontology (GO), Uniprot and EggNOG.  
The genomic annotation was conducted by combining ab initio prediction and two 
different types of intrinsic and homology-based, extrinsic evidences. To obtain intrinsic 
evidence of transcriptional sites (start, end, and splicing), Tophat v2.0.13 software 
(Trapnell et al., 2009) was used to perform the transcriptomic reads mapping against the 
genomic sequences. High-qualitied actinopterygiian proteins were obtained from NCBI 
Refseq Gene databases with following filter parameters “((actinopterygii[Organism]) 
AND "source genomic"[Properties]) AND "srcdb refseq reviewed"[Properties]”. These 
downloaded proteins were clustered to reduce redundancy by using CD-HIT PROTEIN 
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(Li and Godzik, 2006) and subjected as the verified extrinsic evidences. Finally, an 
automated de novo genome annotation pipeline, Seqping v0.1.33 (Chan et al., 2017) 
performed the genome annotation which incorporates ab initio repetitive element 
predictor of RepeatMasker (Tarailo-Graovac and Chen, 2009) and gene structure 
predicting softwares. MAKER2 v2.28 (Holt and Yandell, 2011) was used to perform 
initial gene prediction with collected intrinsic and extrinsic evidences to further train 
other 3 gene model prediction tools with default parameters. Then, GlimmerHMM v3.0.4 
(Majoros et al., 2004), AUGUSTUS v3.2.2 (Stanke et al., 2006), and SNAP (2012/05/17) 
conducted independent ab initio gene model prediction according to the MAKER-
resulted training parameters. MAKER2 was once more applied to merge these predicted 
gene models into the consensus gene sets with genome annotation information. Finally, 
the same orthologous gene databases used for the functional annotation of predicted 
transcripts were applied again to obtain functionally annotated final gene sets of L. 
tanakae with default e-value threshold 1E-05.  
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Basic comparative genomic analysis with model vertebrates 
The reference proteomes of four thoroughly studied model vertebrates (Danio rerio, 
Homo sapiens, Larimichthys crocea, Mus musculus) were downloaded from the ftp 
service of the NCBI Refseq (ftp://ftp.ncbi.nlm.nih.gov/genomes/). The information of 
these reference vertebrate genomes are described in Table 4. The BLASTP all-to-all 
search (Delaney et al., 2000) was performed to find protein hits with high similarities of 
their amino acid sequences. Then OrthoMCL v2.0.9 (Fischer et al., 2011) was used to 
predict and cluster orthologous proteins from these 5 vertebrate proteomes. The resulted 
singletons and clustered orthologous proteins were visualized as a Venn diagram with 
OrthoMCL. In addition, the structural proteins belonging to the collagen gene families of 
5 vertebrates are manually inspected based on these orthologue analysis results. 
Table 4. The summary of downloaded 4 reference vertebrate genomes in this study. 
Species Assembly ID RefSeq accession No. of genes Data sources 
Danio rerio GRCz11 GCF_000002035.6 39,988 RefSeq reference genomes 
Homo sapiens GRCh38.p12 GCF_000001405.38  59,026 RefSeq reference genomes 
Larimichthys crocea L_crocea_2.0 GCF_000972845.2  27,368 RefSeq reference genomes 
Mus musculus GRCm38.p6 GCF_000001635.26  50,865 RefSeq reference genomes 
 
To analyze the phylogenetic relationships between these vertebrates, non-redundant 
orthologous genes that shared among all species of interest were collected from the 
orthologous gene results of BUSCO (with vertebrata_odb9 database) and OrthoMCL 
analyses. The amino acid sequences of these genes were aligned using MAFFT (Katoh et 
al., 2017) and poorly aligned regions were trimmed with trimAl (Capella-Gutiérrez et al., 
2009). Each alignment of orthologous genes was fused to creat a supermatrix for 
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phylogenetic reconstruction using the precompiled bioinformatics script, BeforePhylo 
(https://github.com/qiyunzhu/BeforePhylo). Finally, RAxML 8.2.12 HPC (Stamatakis, 




The genome size of L. tanakae was estimated to be approximately 598Mb by briefly 
assembling 111.1Gb paired-end genomic sequenced reads (Figure 4). The final assembly 
of L. tanakae was 499.08Mb sized genome which is composed of 27,879 scaffolds with 
N50 value of 375.22Kb with only ambiguous base contents of 6.11% (Table 5A). In 
addition, the total coverage depth of de novo sequenced genomic reads in this study was 
measured as more than 382 fold. From the L. tanakae draft genome, 3,837 genes (89.3%) 
amongst 4,584 actinopterygiian core orthologues were found with their sequences intact 
as the result of BUSCO assessment (Figure 5). Additionally, 381 genes (8.31%) were 
recovered with partial sequences, which leaves only 366 genes (7.98%) unrecovered from 
the L. tanakae genome. 
 
Figure 4. The estimated genome size of L. tanakae 
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Figure 5. The genome assessment result using BUSCO 
 
Table 5. The statistics of assembly and annotation of L. tanakae 
A. Summary of statistics of the genome assembly 
Total bases (Mb) 499.08  
No. of scaffolds 27,879  
Average length (bp) 17,091  
Maximum length (bp) 3,437,558  
N50 (kb) 375.22  
N's (%) 6.11  
GC ratio (%) 42.20  
B. Summary of statistics of the annotation 
Predicted gene models 68,356  
Protein coding genes 28,882  
Average transcript length (bp) 672  
Average intron length (bp) 1,777  
Average exons/gene 4.29  
Average introns/gene 3.29  
No. of tRNA 20  
No. of rRNA 78  
 
There were in total 68,356 predicted genes with their averge length of 2,449bp which 
were resulted from the Seqping gene annotation pipeline (Table 5B). After the quality 
curation by minimal length threshold of 100 amino acids and functional annotation 
process, 11,093 protein coding genes, 20 transfer RNA (tRNA) genes, and 78 ribosomal 
RNA (rRNA) genes were obtained (Table 5B). For functional categorization of these 
genes, 46.55% were recorded as no-hit against EggNOG database, which was followed 
by intracellular-or-extracelluar transportation function (11.75%), posttranslational 
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modification related function (8.03%), signal transduction pathways (7.05%), and general 
transcription (6.09%) as described in Figure 6 and Table 6. The categorization using 
Gene Ontology database (GO) results showed that the majority of the of predicted L. 
tanakae genes clustered into the intracellular and intercellular processes, variety of 
metabolic pathways, and enzymatic functions (Figure 7). 
 
 
Figure 6. The categorization of predicted functions of L. tanakae genes by EggNOG 
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A RNA processing and modification 196 0.679  
B Chromatin structure and dynamics 304 1.053  
C Energy production and conversion 300 1.039  
D Cell devision and cycle factors 340 1.177  
E Amino acid transport and metabolism 478 1.655  
F Nucleotide transport and metabolism 218 0.755  
G Carbohydrate transport and metabolism 477 1.652  
H Coenzyme transport and metabolism 106 0.367  
I Lipid transport and metabolism 432 1.496  
J Translation and ribosmal biogenesis 511 1.769  
K Transcription 1,758 6.087  
L DNA replication, recombination, and repair 597 2.067  
M Cellular envelope biogenesis 116 0.402  
N Cell motillity 22 0.076  
O Posttranslational modifications 2,319 8.029  
P Inorganic transport and metabolism 557 1.929  
Q Secondary metabolites metabolism 175 0.606  
R General prediction only 0 0.000  
S Function unknown 13,444 46.548  
T Signal transduction pathways 2,036 7.049  
U Intracellular transportation 3,395 11.755  
V Defense mechanisms 106 0.367  
W Extracellular structures 4 0.014  
Y Nuclear structure 0 0.000  
Z Cytoskeleton 991 3.431  
Total   28,882 100.000  
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Figure 7. The categorization of predicted functions of L. tanakae genes against GO database 
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Among the proteomes of L. tanakae and other 4 vertebrates, in total 8,784 familes of 
shared orthologue were detected, and 884 genes were identified as singletons which were 
uniquely present only in L. tanakae genome (Figure 8). There were 785 non-redundant 
orthologues shared in these species after excluding the orthologous clusters containing at 
least one paralogous gene. In addition, BUSCO analysis on proteomes of these 
vertebrates with vertebrata_odb9 database found 209 non-redundant orthologues which 
were present in the database. The maximum likelihood phylogenetic reconstructions 
using the alignments of these two sets of orthologues with protein substitution parameter 
of “-m PROTGAMMAAUTO” were consistent with each other, and accorded to the well-
known consensus relationship of these vertebrates (Figure 9). 
Figure 8. The Venn diagram of orthologous genes shared between five vertebrates. 
35 
Figure 9. The unrooted phylogenetic trees reconstructed with maximum likelihood 
method and automatic estimation of protein substitution matrix of RAxML software.   
(A). The tree reconstructed using the aligned non-redundant OrthoMCL orthologues,     
(B). The tree reconstructed using the aligned non-redundant BUSCO orthologues. 
 
1.1.4. Discussion 
For the further validation of quality of assembly, the quality indicating parameters of 
the number of scaffold and its N50, the content of ambiguous bases, and ratio of complete 
BUSCO genes indicated that L. tanakae draft genome was nearly completed with little 
amounts of errors (Figure 5, Table 5A). When these values of quality indicating 
parameters were compared to those of initial versions of vertebrate reference genomes 
assembled only with short Illumina reads, L. tanakae genome was validated further with 
substantial support (Earl et al., 2011; Bradnam et al., 2013). For instance, there were 3 
reference vertebrate genomes whose ratios of vertebrate-core orthologues were found to 
be lower than 80%, and whose scaffold N50 lower than 100kb (Bradnam et al., 2013). In 
addition, the longest scaffold in L. tanakae genomes was more than 3.43Mb long, which 
further verified the contiguity of the assembly. 
Further investigation on structural genes belonging to the collagen families from each 
proteome of 5 studied vertebrates was conducted to find a potential trace of evolution of 
liparid specific morphological characteristics. The comparison of the numbers of 
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redundant collagen orthologues and present collagen families per each vertebrate species 
implied that L. tanakae is the most collagen gene-rich species, with 35 collagen genes 
from 26 families identified (Figure 10). On the other hand, there were 27 genes from 16 
familes in the M. musculus, 27 genes from 18 families in the H. sapiens which are 
exclusively terrestrial vertebrates in Class Mammalia. From D. rerio and L. crocea 
genomes, 29 collagen genes belonging 17 families and only 18 collagen genes belonging 
13 families were found. The abundance of collagen genes in L. tanakae genomes was 
found to be well consistence with the previous interactive biochemical researches (Song 
et al., 2000; Song et al., 2002), with the intact matches of sequences of all 5 novel 
candidates reported by them (Figure 8). These novel candidate clones were matched 
within 884 L. tanakae specific signletones which further supported the novelty of these 
clones reported from these researches (Song et al., 2000; Song et al., 2002). When their 
hypothetical function and 3D structure predictions for these clones are considered, it is 
suggested that liparid genomes has experienced the expansion of collagen genes and 
aPRPs (acidic proline-rich-proteins) both of which can contribute to immune responses.  
Therefore, this study demonstrates the genomic context-understanding of the evolution of 
mucous rich tissues of liparid fishes, possibly related with the adaptation to increase 
immune activities. Neverthelss, it is required to conduct interactive further studies with 





















































































1.2. The de novo mitochondrial genome of Chionoecetes opilio : 
The manual curation of predicted genes and the phylogenomic 
analyses with large datasets 
1.2.1. Introduction 
The mitochondrial is an essential organelle performing the oxidized cellular respiration 
which exists in almost every eukaryote species. Even before a decade of the beginning of 
whole-genome era, mitochondrial genomes of various animal species, such as human, 
cow, Xenopus laevis, and a honeybee, Apis mellifera, had been sequenced (Anderson et 
al., 1981; Anderson et al., 1982; Roe et al., 1985). In subphylum Arthropoda, it was 
reported that an ordinary arthropod mitogenome (mitochondrial genome) is a closed 
circular molecule containing 15 to 20Kb nucleotides with 13 protein coding genes, 22 
tRNA genes, and 2 rRNA genes (Pisani et al., 2013). 
Snow crabs are famous food crab species belonging to the Genus Chionoecetes 
(Infraorder Brachyura: Superfamily Majoidea: Family Oregoniidae) which inhabit the 
cold, arboreal waters of the Northern Pacific and the Northwestern Atlantic regions 
(Alvsvåg et al., 2009; Ng et al., 2009). Chionoecetes opilio is the most important 
commercial species among the congeneric species due to its largest annual catches (FAO 
Fisheries and Aquaculture Department, 2019). Currently, there are about 100 sequenced 
mitogenomes for variety of brachyuran species according to the “NCBI Genome List” 
webpage (https://www.ncbi.nlm.nih.gov/genome/browse#!/, Latest update at 2020.06.03. 
Retrieved at 2020.06.03.). In Superclass Majoidea, at least three species, Damithrax 
spinosissimus (Márquez et al., 2014), Maja crispata and M. squinado (Basso et al., 2017) 
were reported with their completed mitochondrial genomes. When it is focused into 
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Family Oregoniidae, the mitogenome of Chionoecetes japonicus, a Japanese snow crab, 
was already sequenced and deposited at the NCBI (Accession number AB735678, data 
published in NCBI at 2013). 
 Therefore this study aims to provide de novo assembled complete mitogenome of a 
snow crab, Chionoecetes opilio. The predicted genes from the mitogenome assembly 
pipeline were further manually curated in this study which emphasized the importance of 
the curation process for accurate comparative genomic analyses, which was more 
thoroughly conducted at the Chapter 3. In addition, a phylogenomic analyses using 13 
mitochondrial protein coding genes (PCGs) were conducted as the piliot studies with 
whole-genome scaled comparative analyses which in conducted at the Chapter 3. The de 
novo sequenced Illumina genomic reads used in this study were also produced more than 
50 folds coverage depth (≥100Gb) which can be applied into genome survey and error 
correction of the whole-genome assembly described at the Chapter 2. 
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1.2.2. Materials and Methods 
Sample collection and library preparation 
An adult male C. opilio was collected from coastal water of at the offshore of 
Yeongdeok-gun (the East Sea, South Korea) on March 14th, 2019.  The specimen was 
immediately brought to the laboratory with its body temperature kept low with ice cubes 
in order to prevent the degradation of its mitochondrial DNA molecules. To minimize 
possible contamination, the surface of specimen was rinsed with pure water, and then 
with 70% ethanol. The muscular tissues (approximately 5g) were isolated from the fouth 
pereopods pairs. These isolated tissues were immediately buffered with RNAlaterTM 
(Thermo Fisher Scientific, MA, USA) to prevent the possible nucleic acid degradation. 
The whole genomic DNA was extracted with phenol-chloroform manualized extraction 
following the manufacture’s instruction of RNAlaterTM reagent. Approximately 3μg from 
in total 15μg of extracted high-molecular DNA was used to prepare the library for 
Illumina paired-end sequencing. The kits and reagents were the same as those used for the 
Liparis tanakae genomic paired-end sequencing as described in Chapter 1. Finally, the 
information of the specimen was deposited to the NCBI with following accession 
numbers (PRJNA602365, SAMN13893315). 
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De novo assembly and finalization of mitogenome 
The HiSeq X Ten instrument (Illumina, CA, USA) was applied to sequence two copies 
of libraries with their insert-sizes 350bp. The same kits and reagents in the Chapter1.1 
were applied to prepare C. opilio nucleic acids to be sequenced. The raw paired-end reads 
whose summed total bases were estimated as 101.90Gb underwent filtering and trimming 
to satisfy quality score of Q30 and free from adapter sequences. For these filtering and 
trimming steps, the same protocols described at the Chapter 1 applied. Lastly, to obtain 
mitochondrial genomic reads for assembling mitogenome, 10,000,000 filtered reads were 
randomly sampled. The detailed statistics of generated nucleic acid reads are described at 
the next chapter, Chapter 2. 
The MitoZ software (Meng et al., 2019) was applied to conduct de novo assembly for 
C. opilio mitogenome with its default parameters. The reference proteins of decapod 
mitochondria were collected from the NCBI Refseq in order to provide “baits” or hints 
of conserved mitochondrial sequences scattered with those randomly sampled paired-
end reads. After the assembly was confirmed to be circular closed molecule with desired 
size range (approximately 15-20Kb), the mitogenome was automatically annotated with 
the MITOS webserver (Bernt et al., 2013). The annotated mitochondrial coding genes 
resulted from MITOS webserver were then thoroughly verified by compared to the other 
sequenced brachyuran genomes which were downloaded from the NCBI GenBank 
(https://www.ncbi.nlm.nih.gov/genbank/). The gaps, overlaps, and long misalignments 
were manually curated with alignments using the NCBI BLASTP (Delaney et al., 2000) 
and MAFFT (Katoh et al., 2017). Finally, the overall coding gene structures and 
phylogenetic tree reconstructions were analyzed with the other published majoidean 
mitogenomes (Márquez et al, 2016; Basso et al., 2017), and also with 6 non-majoidean 
42 
brachyurans (Shi et al., 2015; Cheng et al., 2016; Karagozlu et al., 2018; Lin et al., 2018; 
Kim et al., 2019) and an anomuran used as an outgroup taxon (Gan et al., 2016). The 
amino acid sequences of 13 PCGs from 12 decapod species in total were first aligned 
with MAFFT using JTT substitution model in MUSCLE algorithm (Edgar, 2014). Then 
these alignments were concatenated manually and analyzed by the maximum likelihood 
method and Bayesian inference of evolution using RAxML 8.2.12-HPC (Stamatakis, 
2014) and MrBayes 3.2.7 (Ronquist et al., 2012), respectively. Due to the large size of 
the dataset and massive computerization hours required for these analyses, the CIPRES 
Science Gateway providing accelerated phylogenetic analyses with clustered-computing 
was used (Miller et al., 2010; Miller et al., 2011). The most probable consensus 
phylogenetic trees for each analysis methods were calculated by substantial rounds of 
pseudoreplication (1,000 independent bootstrap replication for RAxML, and 1,000,000 
generations of pseudoreplication for MrBayes were applied). The final version of     
C. opilio mitogenome sequence with its curated coding gene annotations was deposited 




The assembled mitogenome of C. opilio was a closed molecule consisted with 
16,067bp circular nucleotides and 37 mitochondrial genes (13 PCGs, 22 tRNAs and 2 
rRNAs) as in described in Table 7 and Figure 11. The GC content for the whole 
mitogenome was 28.40%, and both AT and GC-skew were negative while GC-skew 
showed strongly negative value (-0.226) compared to that of AT-skew, -0.032 (Table 7). 
PCGs generally showed negative AT and GC-skew, and 4 NADH dehydrogenase subunit 
genes (nd1, nd4, nd4l, and nd5) located on the (-) strand showed positive GC-skew which 
were reported as the general features of arthropod mitogenomes (Pisani et al., 2013).  
The interactive comparison between other majoidean mitogenomes indicated that C. 
opilio mitogenome has its unique characteristics. The mitogenome had 3 unusually long 
overlaps between the genes spanning up to 7bp amongst 6 totall overlaps (Figure 11). 
The unusual losses or additions of long amino acids at 5’ or 3’ ends were found in 
products of 3 PCGs belonging to the NADH dehydrogenase subunit family (ND4, ND4l, 
and ND1) as in Figure 12A. In detail, 5’ amino acids deletion was found from ND4L (6aa 
long, 5’ MMDLSF missing), while 3’ addition was found from ND4 (10aa long, 3’ 
SLIKMKCVKR). The 3’ end replacement was detected from ND1 (LNLIFN to WI). 
Furtheremore, a putative D-loop region between rrnS and trnI was annotaetd as the same 
location those of other brachyuran mitogenomes, however its length is especially longer 
(1,216bp) when it is compared to the lengths of D-loop of other brachyurans (Basso et al., 
2017; Karagozlu et al., 2018; Kim et al., 2019; Márquez et al., 2016; Shi et al., 2015). In 
general, C. opilio tRNAs had common cloverleaf shaped secondary structures, and all 22 
tRNAs lacked variable arms (Figure 13). However, 5 tRNAs showed atypical secondary 
structures; TψC arm without the loop (trnF and trnR), 1bp mismatch at the acceptor or 
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anticodon stem (trnK and trnW, respectively). In addition, the DHU arm of trnS1 is 
extremely reduced with short stem (1bp) and loop (3bp). Furthermore, the organizations 
of mitochondrial genes among majoidean mitogenomes were investigated. The majority 
of mitochondrial genomic regions showed generally conserved synteny patterns with 
almost the identical gene organizations starting from cox1 and reaching to trnE. While, C. 
opilio, C. japonicus and Damithrax spinosissimus shared the almost identical synteny, 
there was an obvious gene order rearrangement observed in Maja crispata and Maja 
squinado mitogenomes (Basso et al., 2017), as the authors described in their article. 
These putative translocation patterns (nd6-cytb-trns2 segment between trnE and nd1) 
uniquely observed in two Maja species were described in Figure 12B. The most probable 
consensus phylogenetic trees analyzed from the concatenated amino acid sequences of 13 
PCGs strongly supports the monophyletic conditions of the following clades; Majoidea, 
Heterotremata, Thoracotreamata, Eubrachyura, and Raninoidea, with 100% bootstrap 
values and 1.00 posterior possibilities (Figure 14). 
Table 7. The overall statistics of assembled C. opilio mitogenome 
Assembled C. opilio mitogenome 
Total length (bases) 16,067 (completely closed) 
Number of A’s (bases) 5,567 
Number of G’s (bases) 1,767 
Number of T’s (bases) 5,937 
Number of C’s (bases) 2,796 
Overall AT skew -0.032 
Overall GC skew -0.226 
AT bias (%) 71.60 
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The C. opilio mitogenome showed generally highly similar coding gene sequences with 
those of other majoidean mitogenomes, especially with those of congeneric species, C. 
japonicus. However, as in Figure 12B, there were significant differences between two 
Chionoecetes mitogenomes, the absences of 6 tRNA genes from C. japonicus and the D-
loop of C. opilio which was almost the twice longer than those of C. japonicus. These 
differences were not likely probable considering the fact that the coding genes except 6 
tRNA genes lack in C. japonicus showed more than 95% of amino acid sequence 
similarity and almost 100% of sequence coverage values. Therefore, the brief automatic 
gene annotation of C. japonicus was conducted with MITOS webserver (Bernt et al., 
2013) with the same parameters previously used, in order to further investigate whether 
these C. japonicus mitogenomic features are genuine or artificial. The automatic 
annotation with MITOS successfully recovered 6 absent tRNA genes (trnA, trnR, trnL1, 
trnI, trnC, and trnY) in the NCBI-deposited mitogenomic sequence of C. japonicus, and 
their nucleotide sequences showed significantly high similarities with coverage values 
reaching almost 100%, when they were pairwisely aligned with the same 6 tRNA genes 
from C. opilio (Figure 15A). Furthermore, all these recovered C. japonicus tRNA genes 
were correctly located in its mitogenome with the same syntenic organization as those of 























































































































































This implies that it is necessary to continuously revise and renew the annotation of 
published genomic sequences, even if they were already reviewed and validated by the 
curators of the public biological data reservoir, such as the NCBI Refseq. In addition, the 
manual curation of ab inito genomic annotation is found to be essential for de novo 
assembled genomes, for instance in this study, three coding genes were revised 
significantly after the manual curation resulted in their transcriptome starting points and 
reading frames adjusted (COX2: -48bp, COX3: -42bp, and rrnL: +25bp) which resulted 
removal of all abnormally long overlaps between genes up to 47bp in the initial 
annotation results using the MITOS. The revised sequences of these manually curated 
genes were further aligned pairwisely with those of C. japonicus using NCBI Blast, and 
the pairwise alignments showed greatly improved similarities and removal of significant 
mismatches. In COX2 gene, the absence of 5’ end MATWAYLGFQDASPL and the 
addition of 3’ end of SPGDWKKVQVF were both removed after the manual curation, 
leaving only one amino acid substitution at the 50th site. Similiarly, in COX3 gene, the 
missing 5’ end sequences (MTSSHSHHPYHLVD) and 19 amino acids long 3’ end 
addition (WWGGYFFNMLVYLISNQKV) were removed by the manual curation, which 
resulted in only two positive substitutions of isoleucine in C. japonicus gene into valine 
in C. opilio gene at the 57th and 173th amino acid sites. 
This study thus provides the significance of the manual curation, which can even revise 
the wrongly predicted open reading frames of ab initio annotated genes. In addition, both 
of the maximum-likelihood and Bayesian inference based phylogenetic analyses required 
the running-times than 3 hours for RAxML and 72 hours for MrBayes within an ordinary 
desktop with Windows operating system (a 3.00GHz processor with 8 threads, 6GB 
memories). The same analyses on the CIPRES Science Gateway, on the other hand, 
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required approximately 5 minutes for maximum-likelihood phylogenetic reconstructions 
with RAxML and 163 minutes for Bayesian inference analyses with MrBayes. Therefore, 
this study also indicated that the phylogenomic analysis of alignment matricies based on 
whole-genomic proteomes demands a computer-cluster based analytic server as in the 






Chapter 2. THE DE NOVO GENOME 






2.1. The first de novo assembled genome of Portunus 
trituberculatus indicating the bottlenecks in researching non-
model marine arthropods 
2.1.1. Introduction 
As discussed in the backgrounds of this dissertation, Order Decapoda is significantly 
under-sampled crustacean clade despite of their economic and ecological impacts. The 
family Portunidae contains a number of famous edible crab species with wolrd-wide 
distribution. It is one of the most speciose families in Order Decapoda, with more than 
410 species in 39 genera reported currently in the world (Ng et al., 2008). Portunid crabs 
inhabit a variety of marine environments such as muddy intertidal zone, pelagic water 
column, and deep water reaching 800 meters deep (Ng et al., 2008). 
Portunus trituberculatus (Miers, 1876) is distributed primarily in the coast of East 
Asian countries. It is recorded as one of the most fished crab species since its annual 
amount of fishery occupies about a quarter of annual amount of worldwide commercial 
crab fishery (Liu et al., 2013). According to a 2016 report of FAO, 605,632 metric tons of 
P. trituberculatus were harvested in the year 2014 (FAO, 2016). Since its population is 
under continuous overexploitation, productivity of P. trituberculatus fishery has seriously 
decreased recently (Liu et al., 2013; Zhang et al., 2014). Yet, information about its whole-
genomic affinity and resources is still limited. Although a de novo draft genome of P. 
trituberculatus has been reported recently (Lv et al., 2017), its datasets such as Illumina 
reads and assembly scaffolds still remain inaccessible. Its estimated genome size and 
reported genome size are 805.92 and 833.94 Mb that are relatively smaller compared to 
recent researches which estimated its genomic size using the flow cytometry (Li et al., 
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2016). This study provides an alternative de novo assembled draft genome with its 
genomic annotations for P. trituberculatus for the first time in Korea. Although its 
assembly quality is not sufficient for satisfying a publication in peer-reviewed journals 
due to the bottlenecks of de novo genome sequencing and assembly processes in this 
study, the experimental trial and errors in this study contributes to the development and 
the optimization of workflows for marine arthropod de novo genome researches. 
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2.1.2. Materials and Methods 
Sample collection and Whole-genome sequencing 
Five adult male individuals of P. trituberculatus were collected from coastal water of 
Seosan, South Korea on December 10th, 2015 (36.615814°N, 125.242858°E). In order to 
prevent the degradation of genomic and transcriptomic nucleic acids, these specimens 
were brought to the laboratory alive immediately after the collection. The muscular 
tissues (approximately 1cm3) were isolated from each pair of the fouth pereopods for 
nucleic acid extraction to minimize the damage to the specimens. The genomic DNAs 
were extracted from these samples using the commercial DNA extraction kits suitable for 
Illumina Next-generation sequencing, QIAGEN Blood & Tissue Kit (Qiagen, Hilden, 
Germany). The transcriptomic RNA was extracted from muscular tissues of the other side 
of fouth pereopods of each individual with TRIzol® RNA Reagent (Thermo Fisher 
Scientific, MA, USA) following the manufacturer’s instruction. The extracted DNA 
samples were validated with their quantities and qualities using agarose gel 
electrophoresis and instruments of NanoDrop 1000 spectrometer (Thermo Fisher 
Scientific, MA, USA) and 2100 Bioanalyzer (Agilent Technologies, CA, USA). The 
specimen coded as “Port_m005” was selected with its best qualitied DNA extract. The 
validated P. trituberculatus DNA and RNA extracts were about approximately 5μg, 
respectively. All the specimens collected in this study were deposited in to the Marine 
Arthropod Depository Bank of Korea (MADBK) in Seoul National University with 
voucher numbers (MADBK172910_021_001 ~ 005). Finally, the information of selected 
specimen coded as Potr_m005 (MADBK172910_021_005) was deposited to the NCBI 
with following accession numbers (PRJNA526559, SAMN11104290). 
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The same kits and reagents in the Chapter1.1 were applied to prepare P. trituberculatus 
nucleic acids to be sequenced. For constructing the DNA libraries with various insert 
sizes, TruSeq DNA Nano DNA Library Preparation Kit and Nextera Mate Pair Library 
Preparation Kit V2 (Illumina, CA, USA) were used (Table 8). TruSeq RNA library 
preparation kit v2 (Illumina, CA, USA) was applied to generate cDNA libraries from the 
transcriptomic extract. The nucleic acid extracts of P. trituberculatus underwent the same 
procedure of library preparation as described in the Chapter 1.1. The resulted sequencing 
libraries were validated by 2100 Bioanalyzer before the de novo genome sequencing. 
Finally, HiSeq X Ten insrument was applied to sequence genomic DNA libraries with 
HiSeq X Ten Reagent Kit v2.5 (Illumina, CA, USA). The transcriptomic library was 
sequenced with HiSeq 4000 instrument with HiSeq 4000 SBS Kit. 
Table 8. The statistics of libraries and de novo sequenced reads of Portunus 
trituberculatus genome and transcriptome, after the quality control. 













paired-end 350 151 81,969,028,146 542,841,246 41.81 92.00 85.92 
DNA, 
paired-end 350 151 82,759,342,594 548,068,494 41.82 92.14 86.12 
DNA,   
mate pair 3,000 151 8,655,838,195 280,809,228 43.08 92.66 85.68 
DNA,   
mate pair 5,000 151 9,722,559,979 317,979,438 42.72 92.51 85.28 
DNA,   
mate pair 8,000 151 5,549,331,548 185,422,654 42.48 91.83 84.28 
DNA,   
mate pair 10,000 151 6,845,710,134 228,067,794 42.38 90.81 82.75 
RNA, paired-






De novo genome estimation and assembly 
The raw genomic and transcriptomic de novo sequenced reads were verified and got 
removed with their adapters using FastQC v0.10.0 software and Trimmomatic, as 
described in the Chapter 1.1. The genomic size of P. trituberculatus was estimated by K-
mer analysis using Jellyfish v1.1.11 software with 3 diff1ernt K-mer sizes (7, 21, 25bp) 
and flow cytometry approach. The additional two female P. trituberculatus were collected 
from coastal waters of Seosan, South Korea (36.615814°N, 125.242858°E). The 
hepatopancreas tissues were carefully separated from these specimens not to rupture their 
internal organs. Theses hepatopancreas tissues (approximately 2g each) underwent nuclei 
isolation by hydroshear homogenization. Then the obtained separate nuclei were stained 
with propidium iodide and estimated nuclear genomic DNA content per nucleus by flow 
cytometry analysis following a published protocol (Hare and Johnston, 2014). The C-
value for P. trituberculatus was calculated by comparing its genomic DNA content per 
nucleus with to that of Mus musculus with its correleation to its genomic size. The contig-
level de novo assembly was performed using SOAPdenovo2 (v2.04) (Luo et al., 2012) 
and Platanus v1.2.4 (Kajitani et al., 2014) with K-mer size parameter as variable and 
other parameters as default states, following the estimated genome sizes (approximately 
1.5Gb) from K-mer analysis and flow cytometry. SOAPdenovo2 and Platanus v1.2.4 
performed the scaffolding and gap-closing of P. trituberculatus genomic contigs using 
mate pair sequences to assemble scaffold level draft genome. These scaffolded and gap-
closed genomic sequences were additionally validated with aspects of scaffold number, 
N50, contents of ambiguous bases, and BUSCO 2 (Simão et al., 2015) assessment with 
arthropoda_odb9 database. To reduce contents of ambiguous bases and incomplete 
BUSCO genes, Platanus was solely applied to re-conduct the scaffolding and gap-closing. 
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Transcriptomic analyses and genomic annotation 
Trinity r20140717 (Grabherr et al., 2011) was used to assemble transcriptomic contigs 
from the filtered transcriptomic reads. These assembled contigs underwent clustering to 
reduce redundancy by CD-HIT-EST v4.6 software (Li and Godzik, 2006), and these 
clustered contigs were subjected to the ORF prediction using TransDecoder v 3.0.1 
(https://github.com/TransDecoder/TransDecoder/) as previously described in Chapter 1.1. 
Following transcriptomic analyses of relative abundance calculation, mapping against the 
genomic sequences for obtaining hypothetical transcriptional sites were performed as the 
same processes and softwares used in the Chapter 1.1 (Trapnell et al., 2009; Li and 
Dewey, 2011). The functional annotation of these ORFs was also conducted following the 
softwares and biological databases as described in Chapter 1.1 (Cameron et al., 2004; 
Buchfink et al., 2015).  
Seqping v0.1.33 (Chan et al., 2017) pipeline was applied to train and predict gene 
models based on the intrinsic and extrinsic evidences, and to merge independent predicted 
sets of gene models into consensus gene models. High-qualitied crustacean proteins were 
downloaded from NCBI Refseq Gene databases with following filter parameters 
“((Crustacea[Organism]) AND "source genomic"[Properties]) AND "srcdb refseq 
reviewed"[Properties]” and provided as the extrinsic evidences after CD-HIT clustering 
to reduce redundancy (Li and Godzik, 2006). The software RepeatMasker (Tarailo-
Graovac and Chen, 2009) incorporated in the pipeline performed ab initio repetitive 
element prediction before gene model prediction. MAKER2 v2.28 (Holt and Yandell, 
2011) was applied with default parameters to train GlimmerHMM v3.0.4 (Majoros et al., 
2004), AUGUSTUS v3.2.2 (Stanke et al., 2006), and SNAP (2012/05/17) which 
conducted independent ab initio gene model prediction. MAKER2 analyzation was 
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repeated once more to merge these predicted gene models into the consensus gene sets to 
provide genomic annotations for P. trituberculatus. Finally, the same orthologous gene 
databases used for the functional annotation of predicted transcripts was used to perform 
functional annotation of final gene sets with default e-value threshold 1E-05. 
 
Basic comparative genomic analysis 
The reference proteomes of two thoroughly curated model arthropods (Drosophila 
melanogaster, Daphina pulex, and Limulus polyphemus, as in Table 9) were downloaded 
from the ftp service of the NCBI Refseq (ftp://ftp.ncbi.nlm.nih.gov/genomes/). The 
genomic sequences of two available decapod crustacean at the year 2016 (Eriochier 
sinensis and Neocaridina denticulata) were downloaded from the NCBI Refseq 
(ftp://ftp.ncbi.nlm.nih.gov/genomes/). OrthoMCL was used to perform orthologue 
analysis from these arthropod species with P. trituberculatus, except for N. denticulata 
whose proteome data was not accessible in public. Non-redundant orthologous genes that 
shared among all species resulted from both BUSCO and OrthoMCL analyses were 
selected and their amino acid sequences were aligned by MAFFT (Katoh et al., 2017), 
concatenated into supermatrix for RAxML 8.2.12 HPC (Stamatakis, 2014) analysis. The 
poorly aligned regions were trimmed using trimAl (Capella-Gutiérrez et al., 2009). A 
best-fit phylogenetic tree was reconstructed from RAxML 8.2.12 HPC using maximal 
likelihood method with parameter of “–m PROTGAMMAAUTO”. In addition to the 
phylogenetic analysis, 3 more malacostracan arthropods with published genomes 
(Exopalaemon carinicauda, Penaeus japonicus, Penaeus monodon, and Parhyale 
hawaiensis) were investigated with comparison to P. trituberculatus genome for finding 
presence patterns of highly conserved developmental genes. 
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Table 9. The summary of downloaded 5 reference arthropod genomes in this study. 
Species Assembly ID RefSeq accession No. of genes Data sources 








Eriochier sinensis http://gigadb.org/dataset/100186 GCF_000972845.2 14,436 GigaScience database 







The genomic reads of 164.73Gb (paired-end) and 30.77Gb (mate pair) were de novo 
sequenced from the male individual of P. trituberculatus as presented in Table 8. The 
estimated genome sizes from two independent measures, K-mer analysis and cyto 
flowmetry accorded with each other (approximately 1.3 to 1.5Gb, Figure 16). The initial 
version assembly of P. trituberculatus showed insufficient assembly quality which was 
indicated by its content of ambiguous bases occupying more than 52.34% of total length 
of the assembly (Table 10). In addition, the BUSCO assessment resulted only 224 
complete genes (21.01%) from 1,066 arthropodan core orthologues with 605 missing 
genes which recorded as 56.75% (Figure 17 and Table 10). Therefore, its genomic 
contigs were re-assembled without SOAPdenovo2 to reduce incorrect assemblies and 
excessively introduced ambiguous bases. The re-assembled P. trituberculatus genome 
showed almost identical genomic size (92.66%) to the initial assemblage, while its 
unambiguous base contents were dramatically decreased into 4.63% more than 10 folds 
(Table 10). 
Table 10. The compared genomic statistics of the initial assemblage and the re-assembled 







Total length (bp)  1,275,553,839 1,181,909,203 
No. scaffold 1,423,367 2,675,465 
Scaffold N50 (bp) 8,032 617 
N's (%) 52.34 4.63 
Transcripts 
Mapping ratio (%) 42.81 72.27 
BUSCO     
complete (%) 21.01 61.82 
partial (%) 19.61 14.35 
missing (%) 56.75 23.83 
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Table 11. The statistics of finalized assembly and annotation of P. trituberculatus 
A. Summary of statistics of the genome assembly 
Total bases (Mb) 1,181,909,203 
No. of scaffolds 2,675,465 
Average length (bp) 441  
Maximum length (bp) 310,305  
N50 (kb) 0.617  
N's (%) 4.63  
GC ratio (%) 42.20  
B. Summary of statistics of the annotation 
Predicted gene models 87,564  
Protein coding genes 34,536  
Average transcript length (bp) 410  
Average intron length (bp) 1,027  
Average exons/gene 2.16  
Average introns/gene 1.16  
No. of tRNA 3,204  
No. of rRNA 85  
 
Although the revised assemblage was consisted with much more fragmented genomic 
sequences than the initial assemblage was (Table 11A), the BUSCO validation result was 
also greatly improved, with complete BUSCO genes recorded as 61.82% and less than 
about a half of missing BUSCO gene ratio (23.83% vs 56.75%, as in Figure 17). 
Furthermore, the transcriptome mapping ratio was also greatly improved from 42.81% of 
the initial version to that of 72.27% in the revised assembly. There were in total 87,564 
predicted gene models with 34,536 of them were functionally annotated (Table 11B). The 
quality of the revised assembly then was further compared with those of other arthropod 




Figure 3. The well-according estimated genomic sizes between K-mer analysis (A) and 
flow cytometry approach (B) of P. trituberculatus genome. 
66 
 
Figure 4. The comparison of BUSCO validation results between the initial assemblage 
and the revised, final assemblage of P. trituberculatus genome. 
 
The core developmental genes conserved in bilaterian animals (Hugehes and Kufman, 
2002), 10 Hox genes belonging to the Hox gene family were further investigated in P. 
trituberculatus, N. denticulata, D. pulex, and 4 additional malacostracan genomes 
(Exopalaemon carinicauda, Parhyale hawaiensis, Penaeus japonicus, and Penaeus 
monodon). The draft genome of P. trituberculatus was found to be intact with all 10 Hox 
genes with other 3 crustaceans, D. pulex, N. denticulata, and Parhyale hawaiensis 
(Figure 19). On the other hand, the Hox gene proboscipedia was absent in the draft 
genome of Penaeus monodon, Fushi tarazu, or Hox7 orthologue, were not found in the 
Exopalaemon carinicauda and Parhyale hawaiensis genomes. Surprisingly, all core 10 
Hox genes were identified in highly inaccurate and incomplete genome of N. denticulata 





Table 12. The compared BUSCO validation statistics with 5 published genomes 

















653 6 153 254 1,066 
Eriochier sinensis 525 19 54 468 1,066 
Neocaridina 
denticulata 7  11  7  1,041  1,066 
Daphina pulex 1,024 24 15  27  1,066 
Drosophila 
melanogaster 540 526 0 0 1,066 
Limulus 
polyphemus 534 479 41 12 1,066 
 
Figure 5. The visualized comparison of BUSCO validation statistics 
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The P. trituberculatus draft genome was highly incomplete unlike that of L. tanakae in 
Chapter 1, which was further indicated by that more than a third of arthropodan core 
orthologues were missing or partial. Although the re-conducted assembly did improve the 
quality of P. trituberculatus draft genome, its highly fragmented genomic scaffolds 
negatively affected its genomic annotation. As the previous studies on non-model and 
short-read based genomes, these too short genomic sequences could result in the failure 
of predictions for some important genes, the overestimation of overall number of genes, 
and the incomplete amino acid sequences or improperly assembled haplotypic, 
polymorphic regions of these genes (Philliphy et al., 2008; Meader et al., 2010; 
Paszkiewicz and Studholme, 2010; Narzisi and Mishra, 2011). In addition, the highly 
fragmented scaffolds also affected the recovery of synteny between 10 Hox genes in all 4 
decapods including P. trituberculatus in this study (Figure 19). As opposed to the two 
model arthropod genomes, those of D. melanogaster and Parhyale hawaiensis, with all or 
nearly all 10 Hox genes located in a single scaffold as a syntenic block, the Hox genes of 
4 decapods genomes were found to be atomized since most of their genomic scaffolds 
were less than 1,000 bases long (Table 2 from the Backgrounds section, and Table 11). 
There are possible causes affecting such a low contiguity and completeness of the draft 
genome of P. trituberculatus although it was assembled by almost the same workflow to 
that of L. tanakae and with even larger sequencing coverage depth. Both species are well 
known to reproduce with the external fertilization, however, the relative strength of the 
dispersal of their eggs and larvae differs dramatically. In contrast to actinopterygiians like 
L. tanakae with their less dispersed egg and larvae, decapods including P. trituberculatus 
are reported to lay much smaller and easily dispersed egg and planktonic larvae, which 
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can greatly increase the genetic polymorphisms and heterozygosity ratios of their 
metapopulations (Domingues et al., 2010). It was reported frustratingly hard to sequence 
complex genomes with high ratios of polymorphism and heterozygosity, only with short 
read-length Next-generation sequencing technologies (Narzisi and Mishra, 2011; 
Bradnam et al., 2013). With further literature investigations, extracting the intact high 
molecular-weighted genomic DNA from decapod tissues are highly complicated, and if 
commercial extraction kits were carelessly applied to them, the microcolumns included 
on these kits were reported to increase fragmentation of extracted DNA (Bitencourt et al., 
2007).  
In summary, it is strongly recommended to extract high molecular genomic DNA 
following the manualized phenol-chloroform extraction protocol, and to sequence these 
high molecular-weighted DNA with the second or the third generations of Next-
generation sequencing whose average read-length are much more elongated than that of 
Illumina paired-end sequencing. With these experiences of trial-and-error of this study, 
further de novo genome researches described in Chapter 2 were conducted with PacBio 
Single Molecule Real Time Sequencing (PacBio SMRT, Pacific Biosciences, CA, USA) 
which can produce genomic reads whose N50 longer than even 20Kb, with less than 1% 
of error rates (McCarthy, 2010; Rhoads and Au, 2015). 
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2.2. The high-qualitied marine arthropod assemblies : De novo 
assembled Chionoecetes opilio and Nymphon striatum genomes 
and their characteristics 
2.2.1. Introduction 
Backgrounds of Nymphon striatum 
The Pycnogonida, or sea spiders, are essential arthropod taxa for understanding the 
early evolutionary history of arthropods and relationships between primary clades of this 
phylum. Studies based on both molecular and morphological data suggest that sea spiders 
have archaic origins as old as the early Cambrian. However, their early fossil records are 
incomplete and their extant members diversified relatively recently, implying that they 
are basal arthropods with a deep split origin (Dunlop and Selden, 2009; Rota-Stabelli et 
al., 2013; Sabroux et al., 2019). Multiple studies had reported that their morphologies 
such as reduced trunks, and 8 to 12 walking legs containing part of their digestive and 
reproductive organs are highly diverged and very unusual among arthropods (Sabroux et 
al., 2019). Their peculiar developmental morphologies such as the lack of a labrum and 
the presence of a terminal mouth instead of a ventrally opened mouth as in most 
arthropods have led the Cormogonida hypothesis, which places Pycnogonida as a sister 
taxon to all other arthropods, as opposed to the Chelicerata/Mandibulata hypothesis, 
which places them in a basalmost position nested in the monophyletic Chelicerata 
(Giribet, 2003; Machner and Scholtz, 2010). Despite numerous morphological and 
molecular studies on pycnogonid phylogeny, there has been no congruent settlement 
between these two conflicting phylogenetic hypotheses (Brennis et al., 2013; Giribet and 
Edgecombe, 2013). 
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The recent advances of the Next-generation sequencing technologies have enabled 
several phylogenomic studies based on widely sampled expressed sequence tags or 
transcriptomes, which have repeatedly designated sea spiders as basalmost chelicerates 
(Meusemann et al., 2010; Reiger et al., 2010; Rehm et al., 2011). However, the placement 
of Xiphosura has been controversial among recent phylogenomic studies incorporating de 
novo sequenced chelicerate genomes and transcriptomes, with the suggestion that 
Xiphosura partly (Sharma et al., 2014) or strongly (Ballesteros and Sharma, 2019) nested 
in the paraphyletic Arachnida, while another study found a conventionally accepted sister 
clade relationship between Xiphosura and Arachnida (Lozano-Fernandez et al., 2019). 
Although these phylogenomic studies thoroughly investigated de novo sequenced 
genomes representing almost all major arachnid clades and xiphosuran, however, several 
chelicerate taxa, including sea spiders lacked datasets based on de novo whole-genome. 
Therefore, high-qualitied genome assemblies of species representing these taxa are 
required to improve the resolution and reliability of the chelicerate phylogeny (Garb et al., 
2018). To the best of current knowledge, no pycnogonid genome has been assembled or 




Backgrounds of Chionoecetes opilio 
Among one of the most commercially important crustacean taxa, the Decapoda, the 
Infraorder Brachyura, or brachyuran (true) crab, is the most diverse decapod infraorder 
consisted of more than 6,500 extant species in 93 vailid families (De Grave et al., 2009; 
Ng et al., 2009). The Genus Chionoecetes contains seven species which are famous edible 
crabs from the waters of the North Pacific and the Northwestern Atlantic regions 
(Alvsvåg et al., 2009; Hardy et al., 2011; Ng et al., 2009). As previously referred, 
Chionoecetes opilio is recorded as the most commercially important species among its 
congeneric species, whose global annual catches had been exceeding 100,000 metric tons 
during the year 2007 to 2016 (FAO Fisheries and Aquaculture Department, 2019). The 
economic importance of this genus has led a number of researches on the various fields of 
Chionoecetes biology, including their physiology (Chung et al., 2015; Demian et al., 2013; 
Rahman et al., 2011), pathology (Mullowney et al., 2011; Ryazanova et al., 2016), 
population structures and phylogenies (Albrecht et al., 2014; Azuma et al., 2011; Kang et 
al., 2013; Johnson, 2019), and the hybridization between congeneric species by molecular 
methods (Kim et al., 2012). However, their whole-genome and transcriptome resources 
are required to understand further details of their biology, nevertheless, these resources 
are not currently available (Rotllant et al., 2018). 
The decapod whole-genomes were reported to be highly complex due to their 
extremely large number of chromosomes, and large c-values (Lécher et al., 1995; 
Niiyama, 1966; Zhu et al., 2005) and their genomic complexity was suggested as major 
barriers against assembling high-qualitied genomes (Nguyen et al., 2018; Yuan et al., 
2017). Although several decapod de novo whole-genomes were published recently, their 
species of interest were mostly limited to commercial shrimps (Kenny et al., 2014; Yuan 
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et al., 2017; Yuan et al., 2018) and their genomic sequences remained heavily fragmented. 
The genomic resources of brachyurans are much more limited than these non-brachyuran 
decapods both in the number of species and the data accessibility in public. Until the year 
2019, only two draft genomes of true crabs have been reported yet their genomic 
resources remained insufficiently informative, due to lack of the reliable gene annotation 
and their fragmented assemblies with high contents of ambiguous bases (Song et al., 2016; 
Lv et al., 2017). To the best of current knowledge, there are only three cases of decapod 
genomes whose qualities are adequate to be reference genomes; the white legged shrimp, 
Penaeus vannamei (Zhang et al., 2019), Eriochier sinensis (Tang et al., 2020a) and 
Portunus trituberculatus (Tang et al., 2020b). These studies, nevertheless, have following 
limitations; the Penaeus vannamei genome was not primarily assembled with PacBio 
long-read sequences, the latter two high-qualitied crab genomes could not properly 
referred to understand the C. opilio biology, and lastly there is no currently NCBI verified 




Objectives of this study 
Here, this study aims to provide the first cases of high-qualitied de novo assembled 
genomes of a common sea spider in the Korean waters, Nymphon striatum, and a deep 
cold-water living commercial crab, Chionoecetes opilio. These genome assemblies are 
the first de novo assembled genomes with reliable genomic annotations that represents the 
Class Pycnogonida and the Genus Chionoecetes by applicating high coverages of PacBio 
long-read sequencing. In addition, the N. striatum and C. opilio genomes assembled in 
this study will further provide proteomic resources required for the preliminary 
comparative genomic analysis on the evolution of deep branched arthropod clades which 
will be described in the Chapter 3. 
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2.2.2. Materials and Methods 
Sample collections and preparations 
The 40 individuals of N. striatum were collected by a collegue in the same laboratory, 
Damin Lee, at the location of Sacheon-hang, (37.82609°N, 128.93379°E, at a depth of 32 
m, on 2018.07.12., NCBI BioSample accession ID: SAMN13567730) via SCUBA diving. 
These 40 sea spiders were brought to the laboratory alive, and then pooled together to 
compensate for the small size of the organisms and to ensure that the amount and quality 
of extracted DNA are acceptable for PacBio sequencing. All 40 sea spider individuals 
were collected from a single population at the same location to minimize the 
heterozygosity of the sequenced genomic reads. These pooled sea spiders were then 
buffered with RNAlaterTM (Thermo Fisher Scientific, MA, USA) and lysed using QIAzol 
Reagent (Qiagen, MA, USA) according to the manufacturer’s protocols. To isolate the 
DNA, the lysate was centrifuged according to the QIAzol Reagent protocol. The 15μg of 
genomic DNA was then extracted from the interphase of the lysate using the MG 
Genomic DNA Purification kit (Macrogen Inc, Seoul, Korea). The transcriptomic RNA 
was extracted from the same pooled organismal lysate using TRIzol® RNA Reagent 
(Thermo Fisher Scientific, MA, USA) following the manufacturer’s instruction. The 
extracted nucleic acid samples were quantified by NanoDrop 1000 spectrometer (Qiagen, 




The same adult male specimen of C. opilio and its genomic DNA extract were 
subjected in this study, which were described in detail in the Chapter 1.3. The specimen 
was collected from coastal water of at the offshore of Yeongdeok-gun (the East Sea, 
South Korea, 2019.03.14., NCBI accession number PRJNA602365, SAMN13893315). 
To minimize possible microbial contamination, firstly the surface of the specimen was 
rinsed with pure water, and then with 70% ethanol, and tools used for its dissection were 
also sterilized. From the specimen, four different tissues were isolated; the digestive 
gland tissues, the heart muscles, the muscular tissues, and the testicular tissues. The 
muscular tissues (approximately 5g) were isolated from the fouth pereopods pairs. To 
reveal the internal organs, the carapace was cut along its lateral edges. The epidermis 
underlying the carapace was carefully removed in order to prevent the disintegration of its 
organs. The digestive gland, testis, and heart were carefully isolated to avoid the possible 
contamination from collapsing irrelevant organs such as stomachs, guts, and gills. These 
isolated tissues were immediately buffered with RNAlaterTM (Thermo Fisher Scientific, 
MA, USA) to prevent the possible nucleic acid degradation. The whole genomic DNA 
samples were extracted with phenol-chloroform manualized extraction as following the 
same protocols described in the Chapter 1.3, which resulted in approximately 15μg of 
extracts per each type of tissues. The transcriptomic RNA samples were extracted from 
these tissues using TRIzol® RNA Reagent (Thermo Fisher Scientific, MA, USA) 
following the manufacturer’s instruction. The 12μg of extracted high-molecular DNA 
from the muscular tissues was used to prepare the library for PacBio long-read 
sequencing and Illumina mate pair sequencing. In addition, four independent cDNA 
libraries were constructed from transcriptomic RNA extracts of C. opilio tissues with 
TruSeq RNA library preparation kit v2 (Illumina, CA, USA).  
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Whole-genome sequencings 
To sequence the whole genomic and transcriptomic nucleotides of N. striatum and    
C. opilio, the PacBio Single Molecule Real Time (PacBio SMRT, Pacific Biosciences, 
CA, USA) and the Illumina sequencing technologies were applied. The PacBio long-read 
libraries were constructed from approximately 10μg (N. striatum) and 12μg (C. opilio) of 
genomic DNA extracts. A hydorshead system (Digilab, MA, USA) was applied to shear 
these DNA molecules into 8-12kb sized fragments. The PacBio SMRT library was 
constructed with C4 chemistry on a PacBio Sequel II platform (Pacific Biosciences, CA, 
USA). Two copies of 350bp insert-sized paired-end libraries and mate pair libraries with 
different insert-sizes were constructed (Table 13 and Table 14). Additionally, the cDNA 
libraries for the N. striatum and the four sampled tissues of C. opilio transcriptomes were 
also constructed (Table 13 and Table 15). 
Table 13. The statistics of N. striatum de novo sequenced reads 















PacBio SMRT 20,000 ~20,000 84,833,283,304 5,480,059 35.27 20,750 15,480 












DNA, paired-end 350  (2 copy) 151 98,760,925,162 654,045,862 35.22 99.79 98.61 
DNA,   mate 
pair 550 151 42,850,119,408 424,258,608 36.21 98.25 90.21 
DNA,   mate 
pair 3,000 151 40,912,863,052 405,077,852 36.22 98.5 92.46 
DNA,   mate 
pair 5,000 151 59,403,563,090 588,154,090 35.68 98.44 93.34 
DNA,   mate 
pair 8,000 151 17,360,189,161 171,883,061 35.30 99.12 93.54 
DNA,   mate 
pair 10,000 151 38,893,293,312 385,082,112 35.17 98.30 89.73 
RNA, paired-end 350 101 13,074,260,928 129,448,128 52.06 98.37 95.36 
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(2 copy) 151 105,604,752,180 704,510,174 41.32 98.32 96.68 
DNA,   
mate pair 2,000 151 13,323,586,687 114,718,488 44.35 84.86 93.71 
DNA,   
mate pair 5,000 151 13,776,748,112 115,628,464 43.27 84.94 93.66 
DNA,   
mate pair 8,000 151 28,181,064,061 230,823,386 45.77 83.19 92.31 
DNA,   
mate pair 10,000 151 49,285,131,114 375,149,202 48.16 84.01 92.59 
 
Table 15. The statistics of C.opilio de novo sequenced transcriptomic reads 















gland 2,000 151 13,323,586,687 114,718,488 44.35 84.86 93.71 
Heart 5,000 151 13,776,748,112 115,628,464 43.27 84.94 93.66 
Muscle 8,000 151 28,181,064,061 230,823,386 45.77 83.19 92.31 





De novo Whole-genome assembly and its improvement processes 
De novo sequenced genomic Illumina reads were assessed using FastQC v0.11.7 
(Marçais and Kingsford, 2011) and then underwent adapter trimming and filtering (Q>30) 
as following the criteria described in the Chapter 1. These filtered genomic PE reads were 
subjected to the genome survey by Jellyfish v2.2.10 using its configurations of count step 
(-C -c 3 -s 100000000), merge step (default parameter), histo step (-h 10000000000), and 
k-mer sizes (17 bp, 21 bp, 25 bp). 
To conduct contig-level de novo genome assembly of N. striatum, the HGAP4 software 
(Chin et al., 2013) was applied to assemble PacBio subreads with its default operating 
options for alignment, assembly, consensus, and polishing using the Arrow application. 
On the other hand, three different De novo genome assembly strategies were used to 
assemble C. opilio sequenced genomic PacBio reads, by comparing the performances of 
HGAP4, Wtdbg2 (Ruan and Li, 2019), and FALCON-Integrate with their respective 
default operating parameters and the genome size option as 2Gb. The FALCON-Integrate 
assembly further underwent FALCON-Unzip to merge heterozygous haplotypic contigs 
and increase contig N50. The assembled contigs of these genome assemblies were error-
corrected by mapping filtered genomic PE sequences using default parameters of Pilon 
v1.21, followed by additional polishing by mapping PacBio reads using SMRT Link 
(v6.0.0.47841) to obtain consensus genomic contig sequences. To verify if there is any 
negative effect on the genomic assembly possibly caused by pooling 40 wildtype N. 
striatum individuals, the error-corrected contig-level of assembly was initially assessed 
using BUSCO v2 with eukaryota_odb9 and arthropoda_odb9. In addition, these three 
intermediate versions of C. opilio genomic assemblies were compared with their 
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respective BUSCO assessment results (database= eukaryota_odb9 and arthropoda_odb9) 
in order to validate the best qualited genome assembly for post-assembly analyses. 
The Purge Haplotigs software (Roach et al., 2018) was applied to reorganize the initial 
contig-level N. striatum assembly into the revised contig-level assembly by removing the 
detected genomic reads redundancy. The Purge Haplotigs analysis was conducted by 
curating and merging haplotypic contigs by mapping PacBio subreads into the initial 
contig-level genome with its default parameters. The BUSCO assessment with the same 
databases used for the initial contig-level assembly was also conducted for these revised 
contig-level assembly. In addition, the K-mer analysis toolkit (Mapleson et al., 2017) was 
used to validate these two versions of contig-level assemblies before and after purging 
haplotypic contigs using its default parameters. 
The Scaffolding Pre-assembled Contigs after Extension (SSPACE, Boetzer et al., 2010) 
program was used to scaffold the contigs of haplotig-purged N. striatum genome and the 
best qualited C. opilio genome with their repective mate pair reads. The gaps between 
genomic scaffolds were closed using PBJelly (English et al., 2012) and GMcloser 
(Kosugi et al., 2015). After gap closing, the scaffolds were polished once more using the 
SMRT Link to finalize the scaffold-level of the draft genomes of N. striatum and C. opilio. 




Transcriptomic analyses and genomic annotation 
The filtered transcriptomic reads of N. striatum and C. opilio were assembled into 
transcriptomic contigs by Trinity r20140717 (Grabherr et al., 2011). These assembled 
contigs underwent clustering to reduce redundancy by CD-HIT-EST v4.6 software (Li 
and Godzik, 2006), and these clustered contigs were subjected to the ORF prediction 
using TransDecoder v 3.0.1 In addition, the transcriptomic reads were mapped against the 
genomic scaffolds for obtaining hypothetical transcriptional sites were performed as the 
same processes and softwares used in the Chapter 1.1 (Trapnell et al., 2009). The 
functional annotation of these ORFs was also conducted following the softwares and 
biological databases as described in Chapter 1.1 (Cameron et al., 2004; Buchfink et al., 
2015).  
To reduce possible errors during ab initio gene model prediction, repetitive sequences 
of N. striatum and C. opilio genomes were predicted, annotated, and then masked with 
RepeatMasker (Tarailo-Graovac and Chen, 2009) v4.0.6 with custom sorted repeat library 
(based on RepBase 24.03). The ab initio and trained genome annotation was conducted 
by Seqping v0.1.33 (Chan et al., 2017) pipeline. To obtain extrinsic evidence for 
annotating N. striatum genome, high-qualitied chelicerate proteins were obtained from 
NCBI Refseq Gene databases with following filter parameters “((chelicerata[Organism]) 
AND "source genomic"[Properties]) AND "srcdb refseq reviewed"[Properties]”. For 
annotating C. opilio genome, the reference malacostracan proteins were downloaded from 
the NCBI Refseq with following filter parameters “((malacostraca[Organism]) AND 
"source genomic"[Properties]) AND "srcdb refseq reviewed"[Properties]”. To obtain 
extrinsic evidence inputs for ab initio gene prediction pipeline, these reference chelicerate 
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and malacostracan proteins were further clustered using CD-HIT PROTEIN to remove 
redundancy (Li and Godzik, 2006). 
After the N. striatum transcriptomic reads were detected with excessive microbial 
contaminations, the transcriptome based intrinsic evidence for gene model training was 
abandoned. Instead of the contaminated transcriptome data, a homology-based software, 
GeMoMa (Keilwagen et al., 2018) was applied to cluster, analyze, and predict ORFs of N. 
striatum genome with high-qualitied chelicerate transcriptomic SRA datasets which were 
also downloaded from the NCBI. 
Seqping v0.1.33 (Chan et al., 2017) performed the genome annotation of repeat 
masked genomic scaffolds with MAKER2 v2.28 (Holt and Yandell, 2011) initial gene 
model training, and then GlimmerHMM v3.0.4 (Majoros et al., 2004), AUGUSTUS 
v3.2.2 (Stanke et al., 2006) driven independent ab initio gene model prediction according 
to these training parameters. MAKER2 performed consensusing these predicted gene 
models into the finalized gene models with their genome annotation information, by 
discarding the gene models without any supports from the submitted evidences (eAED 
value=1). Finally, the following orthologous gene databases; Kyto Encyclopedia of Genes 
and Genomes (KEGG), NCBI nucleotide and non-redundant databases, Pfam, Gene 
ontology (GO), Uniprot and EggNOG, was used to perform functinaol annotation of these 
final gene sets of N. striatum and C. opilio with default e-value threshold 1E-05.  
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Basic comparative genomic and phylogenomic analyses 
For orthologous gene analysis of N. striatum, Six ecdysozoan reference genomes were 
selected and downloaded (Table 16) from the NCBI. To conduct orthologous gene 
analysis for C. opilio, Seven ecdysozoan reference genomes were selected and 
downloaded (Table 17). BLASTP all-to-all search (Delaney et al., 2000) was conducted 
for these reference proteomes with two proteomes in this study. These BLASTP results 
were submitted as the input of OrthoMCL v2.0.9 (Fischer et al., 2011), which conducted 
the orthologue searching and clustering analyses using its default parameters. Datasets of 
non-chelicerate and non-mandibulate species were excluded for N. striatum and C. opilio 
respectively, in order to increase the visual legibility of the Venn diagrams of analyzed 
orthologues. To construct phylogenetic tree, non-redundant orthologous genes of N. 
striatum (106 genes) and C. opilio (160 genes) which were shared with all analyzed 
proteomes were curated for the supermatrix construction. The aminoacid sequences of 
these orthologues were aligned by MAFFT (Katoh et al., 2017) and then these alignments 
were concatenated by BeforePhylo (https://github.com/qiyunzhu/BeforePhylo) to obtain a 
supermatrix for phylogenomic analyses. The RAxML 8.2.12 HPC (Stamatakis, 2014) and 
MrBayes 3.2.7 (Ronquist et al., 2012) were used to conduct phylogenetic reconstruction 
of these analyzed ecdysozoans with 1,000 psudoeplicated maximum-likelihood and 
3,000,000 pseudoreplicated Bayesian inference estimation of phylogenetic relationships, 
respectively. The amino acids substitution models used for these analyses were invariable 
Gamma distribution and the mixed, undefined substitution matrix (-m PROTGAMMAI 
for RAxML and –lset coding=variable Rates=invgamma, -prset aamodelpr=mixed for 
MrBayes). 
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Table 16. The summary of proteomes used in the orthologue analysis of N. striatum 
Species No. of genes No. of clusters No. of singletons Data sources 




















Nymphon striatum 28,539 7,597 3,888 Current study 





Table 17. The summary of proteomes used in the orthologue analysis of C. opilio 
Species No. of genes No. of clusters No. of singletons Data sources 




Chionoecetes opilio 22,659 7,305 3,075 This study 


























The Nymphon straitum de novo assembled genome and its characteristics 
The genome size of N. striatum was estimated at approximately 607 Mb while both the 
prominent heterozygosity peaks and relatively high (~1.9%) heterozygosity ratios from 
the genome survey (Figure 20). The initial contig-level genomic assembly was sized 
approximately 1.26 Gb long, of which the total base length exceeded twice those of the 
genome survey results (Table 18A). Furthermore, the BUSCO assessment on the initial 
contig-level assembly showed 53.47% of BUSCO genes from the initial assembly were 
duplicated which further indicates the presence of numerous redundant haplotypic contigs 
(Figure 21 and Table 18B). 
 




Table 18. The summary of statistics of the initial and revised contig-level and finalized 
scaffold-level N. striatum genome assemblies 
A. Summary of statistics of the genome assemblies 
 Initial assembly Revised assembly Final assembly 
Total bases (bases) 1,260,501,127 732,914,915 744,788,989 
No. of contigs 8,733 2,946 2,946 
Average contig length (bases) 144,337 248,783 248,783 
Maximum contig length (bases) 2,477,793 2,479,102 2,479,102 
Contig N50 (bp) 221,141 360,904 360,904 
No. of scaffolds - - 1,638 
Average scaffold length (bases) - - 454,694 
Maximum scaffold length (bases) - - 3,927,965 
Scaffold N50 (bases) - - 701,800 
N's (%) 0.00 0.00 0.04 
GC ratio (%) 35.37 35.37 35.37 
B. BUSCO validations of genome assemblies (arthropoda_odb9) 
  Initial assembly Revised assembly Final assembly 
Complete BUSCOs (C=S+D) (%) 96.53 95.22 96.53 
Complete & single-copy (S) (%) 43.06 78.42 78.80 
Complete & duplicated (D) (%) 53.47 16.79 17.73 
Fragmented BUSCOs (%) 0.94 1.69 0.94 
Missing BUSCOs (%) 2.53 3.10 2.53 
C. Brief statistics of genomic annotations 
Total bases, repeat elements (bases) 52,434,830 
No. of repeat elements (hits) 564,918 
Genome coverage of repeats (%) 7.14 
No. of predicted genes 28,539 
Genome coverage of gene regions (%) 55.06 
D. Gene annotations 
Blast hits 27,086 
No hits 1,453 
Average gene length (bases) 2,130 
Average intron length (bases) 1,311 
Average exons/gene 10.33 
Average introns/gene 9.33 
No. of transfer RNAs 14,247 
No. of ribosomal RNAs 308 
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Figure 21. The comparison of k-mer distribution plots before and after the curation of 
purging haplotypic contigs. (A). The k-mer distribution plot of the initial assembly before 
the curation, (B). The k-mer distribution plot of the gap-closed final version of genome 
which underwent purging haplotypic contigs. 
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Figure 22. The results of BUSCO analysis of N. striatum genome assemblies. (A). The 
BUSCO result of HGAP4 initial assemblage, (B). The BUSCO result of curated 
assemblage by Purge_haplotigs, (C). The BUSCO result of gap-closed final assembly. 
Color indexes. deep blue: complete and single-copy genes; light blue: complete and 
duplicated genes; yellow: fragmented genes; red: missing genes 
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With these resulted indicating a highly heterozygous N. striatum genome, the Purge 
Haplotigs software (Roach et al., 2018) was applied to merge haplotypic contigs to reduce 
the redundancy of draft genome caused by its high heterozygosity ratio. The revised 
contig-level draft genome with purged haplotypic contigs showed great improvements in 
its quality of genomic assembly. While its total length was reduced to 732.9 Mb as the 
121.78% of the estimated genome size, and contig N50 was almost doubled to 360.90 Kb, 
with the number of contigs reduced to 2,946 (Table 18A). The BUSCO assessment of the 
revised contig-level assembly found that the percentage of complete, but duplicated 
BUSCO genes were reduced to 16.79%, which is a substantial improvement from the 
initial BUSCO result (Table 18B and Figure 22). The K-mer distribution analyses using 
the K-mer analysis toolkit (Mapleson et al., 2017), further found that the ratios of 
heterozygous haplotigs were readily reduced as comparable as those of homozygous 
primary contigs after running Purge Haplotigs (Figure 21). The finalized scaffolded and 
gap-closied draft genome was composed of only 1,638 scaffolds with scaffold N50 
increased to 701.80 Kb and a minute fraction (0.04%) of ambiguous bases (Table 18A). 
In addition, 31.9% of the genomic scaffolds were longer than 500 Kb, and among them, 
159 scaffolds were over 1000 Kb. In particular, only seven scaffolds were shorter than 10 










































































































































































































































































































An ab initio repeat element prediction resulted in a total of 7.14% of the genomic 
sequences being annotated as repetitive sequences (Table 18C). Among these repeat 
elements, short interspersed nuclear elements (SINEs) accounted for 28.20% of the total 
length of the annotated repeat sequences, and they were recorded as the most enriched 
repeats from the N. striatum genome. The SINEs were followed by simple repeats 
(24.09%), small RNAs (21.35%), and non-SINE interspersed elements (20.82%), while 
satellites (0.36%) occurred the least among the categorized repeat elements (Figure 23B). 
The validation of de novo sequenced transcriptome of N. striatum was eventually 
concluded as the failure, which was indicated by the their genomic mapping ratio lower 
than 7% and the contents of predicted microbial orgined reads, such as Vibrio genera, 
exceeding 91%. Therefore, CD-HIT-EST clustered reference chelicerate transcriptomes 
were applied to the GeMoMa (Keilwagen et al., 2018) holmology-based ORF prediction, 
resulting in 362,016 hypothetical N. striatum ORFs. These homology-based modeled 
ORFs then underwent filtering out of incomplete transcripts, to obtain 220,011 predicted 
transcripts which were submitted as the intrinsic evidences for Seqping pipeline. 
The final N. striatum genome consisted of 28,539 genes which spanned 56.01% of the 
total genomic length. Additionally, 14,247 transfer RNA and 308 ribosomal RNA genes 
were annotated (Table 18D). The orthologue analysis conducted using 6 ecdysozoan 
genomes (Table 16) resulted in 7,597 orthologous clusters shared within all 7 species and 
3,888 singletons which were found to be unique for N. striatum. There were 4,493 
orthologous clusters shared within four chelicerate species (Figure 24A). Phylogenetic 
tree reconstruction strongly supported the basalmost position of N. striatum nested in the 
monophyletic Chelicerata and a sister clade relationship between Limulus polyphemus 
with two arachnids (Figure 24B) with maximum support values.  
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The Chionoecetes opilio de novo assembled genome and its characteristics 
A  C. opilio genome was estimated to be approximately 1.89Gb in size with relatively 
high (~1.47%) heterozygosity ratios implied from the prominent heterozygosity peak 
(Figure 25). The initial trial of de novo assembly with HGAP4 was turned out into a 
failure due to the memory overflow. The other two assembler, FALCON-Integrate and 
Wtdbg2 were performed the contig-level of intermediate genomic assemblies (Table 
19A). The quality of these intermediate assemblies were compared and verified by the 
assembly statistics and BUSCO assessments in terms of their contiquity, correctness, and 
completeness (Table 19A, Table 19B and Figure 26). All cases of the BUSCO statistics 
and assembly statistics such as total length, contig number and N50 indicated that the 
Wtdbg2 resulted assembly was the best-qualitied contig-level of C. opilio assembly. 
 




Table 19. The summary of statistics of the initial and revised contig-level and finalized 
scaffold-level C. opilio genome assemblies 
A. Summary of statistics of the genome assemblies 
 FALCON Wtdbg2 Final assembly 
Total bases (bases) 1,558,661,392  1,988,549,646  2,002,919,378  
No. of contigs 22,381  45,098  45,098  
Average contig length (bases) 69,642  44,093  44,093  
Maximum contig length (bases) 1,433,041  2,094,150  2,094,150  
Contig N50 (bp) 91,303  112,239  112,239  
No. of scaffolds − − 26,514  
Average scaffold length (bases) − − 75,491  
Maximum scaffold length (bases) − − 2,536,572  
Scaffold N50 (bases) − − 208,145  
N's (%) 0.00  0.00  8.49  
GC ratio (%) 41.31 41.31 41.31 
B. BUSCO validations of genome assemblies (arthropoda_odb9) 
  FALCON Wtdbg2 Final assembly 
Complete BUSCOs (C=S+D) (%) 79.46  92.87  93.34  
Complete & single-copy (S) (%) 54.78  91.18  91.46  
Complete & duplicated (D) (%) 24.67  1.69  1.88  
Fragmented BUSCOs (%) 4.22  2.53  2.16  
Missing BUSCOs (%) 16.32  4.60  4.50  
C. Brief statistics of genomic annotations 
Total bases, repeat elements (bases) 428,465,429 
No. of repeat elements (hits) 3,467,483 
Genome coverage of repeats (%) 21.68 
No. of predicted genes 22,659 
Genome coverage of gene regions (%) 0.06 
D. Gene annotations 
Blast hits 22,659 
No hits 4,401 
Average gene length (bases) 6680.248 
Average intron length (bases) 5705.681 
Average exons/gene 4.147 
Average introns/gene 3.147 
No. of transfer RNAs 33,258 

























Figure 26. The results of BUSCO analysis of C. opilio genome assemblies; The BUSCO 
results of FALCON-Integrate assembly, (A); FALCON assembly after the FALCON-
Unzip phasing, (B); Wtdbg2 assembly, (C); and the gap-closed final assembly, (D). Color 
indexes. deep blue: complete and single-copy genes; light blue: complete and duplicated 
genes; yellow: fragmented genes; red: missing genes 
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The final version of draft genome was consisted of 26,514 scaffolds with scaffold N50 
208.145Kb and and ambiguous base content of 8.49% (Table 19A). In contrast to those 
of N. striatum final assembly, the occupancy of scaffolds shorter than 10Kb was recorded 
as 20.96% which indicated that the C. opilio final assembly shows insufficient genomic 
contiguity. There were only 521 scaffolds whose lengths were longer than 500Kb (1.96%) 
from the C. opilio draft genome (Figure 27A).  
An ab initio repeat element prediction resulted in a total of 21.68% of the genomic 
sequences being annotated as repetitive sequences (Table 19C). Among these repeat 
elements, simple repeats accounted for the most abundant category of repetitive elements 
occupying 54.13% of the total length of the annotated repeat sequences. The simple 
repeats were followed by DNAs (14.08%), LINEs (10.92%), and low complexity repeats 
(6.35%), while unclassified repeats (1.35%) occurred the least among the categorized 
repeat elements (Figure 27B). 
The final C.opilio genome consisted of 22,659 genes which occupied only 0.061% of 
the total genomic length, which was contrasted to those of repeat elements. Additionally, 
33,258 transfer and 274 ribosomal RNA genes were annotated (Table 19D). The 
orthologue analysis conducted using 7 ecdysozoan genomes (Table 17) resulted in 2,459 
orthologous clusters shared within all 8 species and C. opilio unique 4,075 singletons 
from 771 clusters. In sum, 3,250 orthologous clusters were found to be shared within five 
pancrustacean species (Figure 28A). The reconstructed consensus phylogenetic tree 
strongly supported the widely accepted relationships between these species, monophyletic 
clades of Arthropoda, Chelicerata, Decapoda (Figure 28B) with maximum support values. 
On the other hand, the trichotomic relationship was found between Daphina pulex, 








































































































































































































































































































2.3. General discussion 
2.3.1. The ab initio prediction and annotation of marine arthropod Hox genes 
The Hox genes are evolutionarily conserved transcription factors containing 
homeodomain motifs. They play critical roles in the patternization of the embryonic 
segments throughout the anterior-posterior axis. The hypothetical ancestral arthropod 
genome is suggested to contain 10 Hox genes (labial, proboscipedia, Hox3, Deformed, 
Sex combs reduced, fushi tarazu, Antennapedia, Ultrabithorax, abdominal-A, and 
Abdominal-B) as a well conserved cluster (Akam et al., 1994; Pace et al., 2016). In 
addition, these 10 Hox genes are usually found to be organized in a cluster as the same 
order of their domains of expression throughout the embryonic anterior-posterior axis, 
which is typically described as spatial collinerarity (Pace et al., 2016). These Hox genes 
have been intensly studied within diverse clade in the Phylum Arthropoda which 
supported 10 Hox genes generally conserved (Cook et al., 2001; Hughes and Kaufman, 
2002). On the other hand, the conservation of their genomic arrangements remains 
unclear throughout the phylum, due to the majority of researches focusing on to the 
subphylum Hexapoda (Pace et al., 2016). Therefore, most of the cases from non-hexapod 
arthropod Hox gene studies have been conducted as gene-based surveys, and some early 
studies could not recover several Hox genes from decapod species (Mouchel‐Vielh et al., 
1998; Abzhanov and Kaufman, 2000; Deutsch and Mouchel‐Vielh, 2003). Among 
pycnogonids, the study on their Hox genes also was not able to recover some Hox genes, 
such as abdominal-A (Manuel et al., 2006). 
Nevertheless, considering that few examples of Hox gene losses were reported witin 
arthropods, the loss of several core Hox genes from decapods and pycnogonids are not 
plausible (Pace et al., 2016). In recent genomic studies, however, entire 10 Hox genes 
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were present in de novo assembled decapod shrimp genomes, such as Neocaridina 
denticulata (Kenny et al., 2014), Penaeus japonicus (Yuan et al., 2018) and P. vannamei 
(Zhang et al., 2019). In addition, all 10 Hox genes were recovered from the Portunus 
trituberculatus and Chionoecetes opilio genomes in this study. On the other hand, fushi 
tarazu was absent in E. carinicauda genome (Yuan et al., 2017) and proboscipedia was 
not present in P. monodon genome (Yuan et al., 2018), which was unnatural considering 
that their closely related species show fully recovered 10 Hox genes (Figure 19). Since 
both of E. carinicauda and P. monodon demonstrate highly uniform “decapod shrimp” 
morphology, their lack of fushi tarazu and proboscipedia is possibly resulted from 
incomplete genome assembly or gene prediction. Except P. vannamei, all referred 
decapod shrimp genomes were de novo assembled solely from the short read-lengthed 
Illumina paired-end sequenced reads, thus their genomic assemblies consist with more 
than a million scaffolds with N50 value less than 1,000 bases long (Table 2). 
As previously discussed in Chapter 2.1, these highly fragmented genome assemblies 
result in the overestimated numbers of fragmented genes by splitting the exons of a single 
gene into different fragmented genomic scaffolds. Furthermore, Hox genes, whose 
expressions are highly limited in the embryonic development, are more vulnerable being 
not detected when the sufficient clues from embryonic transcriptomes or the sequences of 
homologous genes from closely related species cannot be provided. The presence of all 
10 Hox genes from the Portunus trituberculatus and Chionoecetes opilio genomes 
therefore further validate the quality of their assemblies and also suggest that the decapod 
ancestor contained all these Hox genes as more ancient, arthropod ancestor did. 
In contrast to two brachyuran crab genomes in this study, there were only 9 
recognizable Hox genes present from the Nymphon striatum genome. The abdominal-A 
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gene was lost from its genome, which accords well with preceeding studies on 
pycnogonid Hox gene expressions (Manuel et al., 2006; Pace et al., 2016). These studies 
suggested that the parallel cases of abdominal-A lost in barnacles and chelicerates 
(pycnogonids and mites) correlated with their morphologies of highly reduced abdomen. 
In addition, some Hox genes from Chionoecetes opilio and Nymphon striatum showed 
unique characteristics from their genomic arrangement. In Chionoecetes opilio genome, 5 
Hox genes (deformed, sex combs reduced, Antennapedia, Ultrabithorax, and abdominal-
A) are located in the minus strand of a single genomic sequence, scaffold5763. However, 
abdominal-A is translocated between sex combs reduced and Antennapedia, which 
disturbs the genomic collinearity well known in hexapods. Furthermore, rest of 5 Hox 
genes are scattered into different scaffolds (labial and proboscipedia: scaffold3496, Hox3: 
scaffold18071, and fushi tarazu: scaffold25914), which is uncommon case among 
arthropod, while these atomized pattern of Hox genes are reported from mollusk species 
(Albertin et al., 2015; Kwak, 2017). 
More surprisingly, Hox genes of Nymphon striatum are also atomized (labial: 
scaffold409, proboscipedia: scaffold386, Hox3: scaffold434, deformed: scaffold170, sex 
combs reduced and fushi tarazu: scaffold379, Antennapedia: scaffold973, Ultrabithorax 
and Abdominal-B: scaffold229) despite of its far longer genomic scaffolds compared to 
those of Chionoecetes opilio. Furthermore, putative duplicated Hox genes were detected 
from both of Chionoecetes opilio and Nymphon striatum genomes. A partially duplicated 
Ultrabithorax was present between Antennapedia and orthologous Ultrabithorax in 
Chionoecetes opilio genome. On the other hand, fragments of labial (scaffold98) and 
proboscipedia (scaffold20) were found in Nymphon striatum genome. Lastly, the 
sequence of Nymphon striatum Abdominal-B was greatly truncated when it was aligned 
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with those of other chelicerates. This finding also accords with the previous diagnosis of 
pycnogonid Abdominal-B (Manuel et al., 2006) which further supports the correlation 
suggested by them between pycnogonid reduced abdomen and its truncated posterior Hox 
genes. 
Nevertheless, to test the hypothesis on the abdomen reduction of decapods and 
pycnogonids in the context of Hox genes evolution, further studies are required. Firstly, 
Hox genes from various taxa with reduced abdomens and their close relatives with 
elongated abdomens must be compared each other comprehensively. In addition, 
Architeuthis dux, a cephalopod, whose genome showed its all core Hox genes located on 
a single genomic scaffold with especially long intervals, which opposed to the previous 
cases of atomized Hox genes in mollusk genomes (da Fonsca et al., 2020). This further 
stress the importance of increase of genomic contiguity up to sub-chromosomal level, 
therefore the genome assemblies of Chionoecetes opilio, Nymphon striatum, and 
Portunus trituberculatus require improved scaffolding analyses. Lastly, the Hox genes 
from three arthropod genome assemblies in this study need to be further curated manually. 
Since these Hox genes were predicted with the automated Seqping pipeline alone, it is 
possible to some of them are erroneously predicted. Therefore, manual curations such as 
comparing predicted transcript structures, transcriptomic clues and these genes must be 
conducted appropriately. These further studies are currently in progress, their completed 
results could not be included in this dissertation.  
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2.3.2. The optimizied workflow of de novo whole-genome researches of marine 
arthropods 
The final draft genome of both C. opilio and N. striatum were greatly improved when 
they were compared to those of L. tanakae and mostly fragmented P. trituberculatus 
genomes. Nevertheless another limitations and further efforts to improve the assembly 
quality were also found in this study, for instance, the C. opilio genome with less genomic 
contiguity compared to the N. striatum genome. The C. opilio final assembly showed 
generally less scaffold N50 value and the efficiency of scaffolding process when it was 
compared to that of N. striatum final assembly (Table 18A, Table 19A, Figure 23A, and 
Figure 27A). This resulted insufficient contiguity of C. opilio assembly has not been 
expected at the genome survey stages of de novo genome researches of these two marine 
arthropods. While the specimen for C. opilio was much larger, single individual, the 
specimens of N. striatum were multiple wildtype individuals which resulted in much 
higher genomic heterozygosity estimation than that of C. opilio (~1.47% vs ~1.9%). The 
initial HGAP4 assembly of N. striatum required collapsing haplotypic contigs in order to 
reduce excessive redundancy which indicated that almost entire bodies of haplotypic 
contigs were not phased into the their main, homozygotic contigs. This was further 
supported by the pseudo-tetraploid status with almost the same coverages of 1X and 2X 
peaks (Figure 21A) and the content of duplicated BUSCO genes of 53.47% (Figure 22A). 
On the other hand, the C. opilio genome did not show the excessive redundancy pattern 
observed in N. striatum genome, as indicated with its Wtdbg2 assembly with less than 2% 
of duplicated BUSCO gene ratio (Figure 26C). 
Thus, the reason why C. opilio genomic assembly was resulted in much lower genomic 
contiguity than that of N. striatum assembly needs to be discussed with other factors, such 
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as the degradation of genomic DNA extracts, or their genomic size differences. The main 
obstacle which hindered assembling N. striatum genome in this study was its tiny 
organismal size resulting less than 1μg of DNA extract per individual, therefore the 
sampling of N. striatum were conducted multiple times to gather sufficient number of 
individuals in the sample population (40 individuals, ultimately). However, for C. opilio, 
the major limitation was the repeated failures of quality control of genomic DNA extracts 
sufficient for constructing PacBio and long insert-sized (8kb, 10kb) mate pair libraries. 
While the PacBio sequenced subreads of N. striatum showed 15,480bp average length 
and 20,750bp N50 vaule, those of C. opilio were much lower, 8,556bp and 13,535bp 
(Table 20). In addition, the coverage depths of long insert-sized (8kb and 10kb) mate pair 
sequenced reads were significantly different between these two species, 75.53 folds 
coverage for N. striatum and 38.68 folds coverage for C. opilio. These diffence between 
mate pair sequence reads contrasts to those of PacBio subreads, which were generated 
with similar genomic coverage values between two species (N. striatum: 113.90 folds,  
C. opilio: 100.53 folds).  
Table 20. The compared statistics of de novo sequenced long reads in this study 














SMRT 20,000 84,833,283,304 5,480,059 20,750 15,480 
Illumina 
mate pair 
8,000 17,360,189,161 171,883,061 N/A N/A 
10,000 38,893,293,312 385,082,112 N/A N/A 
C. opilio 
PacBio 
SMRT 20,000 201,361,187,452 23,504,401 13,535 8,556 
Illumina 
mate pair 
8,000 28,181,064,061 230,823,386 N/A N/A 
10,000 49,285,131,114 375,149,202 N/A N/A 
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Considering multiple failures occured during the 8kb, 10kb insert-sized mate pair 
library construction for C. opilio, therefore it can be inferred that the quality of the DNA 
extracts may affected negatively both of the PacBio subread lengths and the coverages of 
mate pair sequences with 8kb, 10kb insert-sizes. Although the C. opilio tissues were 
carefully treated as I discussed its necessity in the Chapter 1.2, another obastacles were 
identified during these processes. Initially, as for L. tanakae in Chapter 1.1, 
approximately 2μg of tissues from each of four C. opilio organs subjected to the liquid 
nitrogen homogenization. However, these frozen and homogenized tissues were 
extremely slimy so that their tissue samples were not actually powdered, but clotted with 
each other. The DNA extracts from these liquid nitrogen homogenized C. opilio tissues 
were validated as containing large contents of fragmented DNAs indicated by the smear 
pattern of the electrophoresis results (Figure 29A). On the other hand, when these tissues 
were buffered into RNALater reagent rather than homogenized with the liquid nitrogen, 
the resulted DNA extracts were passed the verficiation with minimized DNA degradation 
(Figure 29B). Although the reagent buffered DNA extracts showed improved verification 
results, the higher GC contents of C. opilio de novo sequenced reads (41~48%) than those 
of N. striatum (35~36%) (Table 13 and Table 14) was also inferred that negative factor 
for the sequencing read-length (Shin et al., 2013). 
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Figure 29. The agarose gel electrophoresis validations of the DNA extracts from C. opilio 
tissues; the lane number 1 indicating the muscular DNA extracts, the lane number 2 
indicating the digestive glandar DNA extracts. In this figure, other two types of tissues 
were omitted. (A). The DNA extracts from the liquid nitrogen-homogenized tissues, (B). 
The DNA extracts from the RNALater reagent-buffered tissues 
The transcriptomic de novo sequenced reads of N. striatum also showed high GC 
content, but even higher (52.06%) than those obeserved from C. opilio, which was 
abnormally high for animal transcriptome (Table 14). Considering that RNA molecule is 
much more vulnerable than DNA molecule is, the main cause of the bacterial 
contamination of de novo N. striatum transcriptome can be inferred as pooling step for 
compensating the small expected nucleic acid extract per an individual. Therefore, these 
limititaions observed form this study strongly suggest that the necessity of more 
sophisticated nucleic acid preparation for de novo genome and transcriptome sequencing.  
There are possible solutions for overcoming these limitiation as follows. To obtain 
minimally degraded genomic DNA extract from polysaccharide or secondary metabolite 
rich, mucuous tissues as in C. opilio in this study, the CTAB (cetyltrimethylammonium 
bromide) containing detergent needs to be applied to the nucleic acid extraction buffers 
(Arseneau et al., 2016; Kono and Arakawa, 2019; Lienhard and Schäffer, 2019; 
Chakraborty et al., 2020). The minute expected quantity of genomic DNA extract, such as 
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in N. striatum in this study, can be compensated with the Oxford Nanopore Sequencing 
technologies. Especially, the MinION (Oxford Nanopore Technologies, Oxford, UK) is 
specialized to generate more than 10 to 20X coverage of long reads from less than a 1μg 
of high-molecular genomic DNA extract, without amplification process (Lu et al., 2016; 
Jain et al., 2018; Joshua and Loman, 2019). In addition, the agarose molded plug nuclei 
isolation method was reported to yield extremely high molecular weight genomic DNA, 
and suggested as the most optimized DNA extraction protocol for the Oxford Nanopore 
sequencing (Brown and Coleman, 2018; Joshua and Loman, 2019). 
With considering that minimizing genomic DNA degradation greatly improve the read-
length yields (Kono and Arakawa, 2019; Joshua and Loman, 2019), it is concluded that 
future de novo genome research for marine arthropods needs to be conducted using 
Oxford Nanopore sequencing with high molecular genomic DNA extracted by CTAB 
buffering or the agarose molded plug nuclei isolation methods. In addition, these more 
sophisticated DNA extraction protocols also can be applied to near-chromosomal genome 
scaffolding methods, such as by Bionano genome scaffolding (Bionano Genomics, CA, 
USA), 10X Genomics sequencing (10X Genomics, CA, USA), and Illumina Hi-C 
sequencing (Illumina, CA, USA) which resulted in highly completed arthropod genomes 
recently published (Wallberg et al., 2019; Tang et al., 2020a; Tang et al., 2020b). As the 
result of this discussion and the studies in Chapter 2, an optimized workflow for de novo 
genome researches on the non-model marine arthropods in the laboratory without 










































































































Chapter 3. THE CASE STUDY OF THE 
ARTHROPOD EVOLUTION THROUGH 







3-1. The preliminary chelicerate phylogenomic analyses incorporating 
under-sampled taxa 
3.1-1. Introduction 
Arthropod morphology diversities in the genomic context 
The arthropods adapted almost every ecological systems existing in the Earth, thanks to 
their morphological characteristics of segmented body, paired jointed appendages and 
moulting, which are frequently used to define them (Minelli et al., 2013; Stork et al., 
2018). In addition, interactive studies on their embryogenesis suggested that their 
segmented nature of bodyplans can be altered with only a slight shift of the Hox gene 
expression patterns which result various combinations of the functions and repeated 
numbers of each segments and appendages (Carroll, 1995; Averof, 1997; Grenier et al., 
1997; Angelini and Kaufman, 2005). The essential role of Hox genes in early stages of 
arthropod development, or morphogenesis, was firstly reported from Drosophila 
melanogaster (Nüsslein-Volhard and Eric, 1980). The deep-homology of the Hox genes 
dated back to the even before the last common ancestor of all bilaterians was reported 
from the following studies (Carroll et al., 1995; Finnerty and Martindale, 1999; Hueber et 
al., 2013). 
There are 8 core Hox genes reported in arthropods with strongly conserved function 
(Cook et al., 2001; Hughes and Kaufman, 2002), which are labial (lab), proboscipedia 
(pb), Deformed (Dfd), Sex combs reduced (Scr), Antennapedia (Antp), Ultrabithorax 
(Ubx), abdominal-A (abd-A), and Abdominal-B (Abd-B). These 8 core Hox genes regulate 
the specification of segmental identities of the embryonic segments, and in Drosophila 
melanogaster, they are aligned serially in order of the anterior-most Hox (lab) to 
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posterior-most Hox (Abd-B) on a single chromosome (Hueber et al., 2010; Hueber et al., 
2013). On the other hand, there are two Hox genes with less constrainted function, one is 
zerknüllt (zen), a Hox3 homologue and the other as fushi tarazu (ftz). The comparative 
studies on the functional expressions of these two genes revealed that the chelicerate and 
myriapods showed conserved ancestral Hox gene functions of zen and ftz, whereas in 
crustaceans and insects demonstrated more divergent functions such as ftz regulating the 
central neural system development or segmentation (Damen, 2002), and zen for 
patterning anterior-posterior axis and dorsal embryonic structures (Stauber et al., 2002). 
In addition, these studies showed that the evolution speed of zen and ftz are more 
accelerated in crustaceans and insects than in chelicerates and myriapods, as their 





The Arthropoda is the most diverse animal phylum with more than 1.2 million extant 
species reported, thus it is recorded as occupying more than 80% of all currently known 
living animals. Arthropods also demonstrate extremely various body plans throughout 
their major members (Oakley et al., 2012), with differentiated combinations of 
segmentation patterns and appendage morphologies (Deutsch and Mouchel-Vielh, 2003; 
Grimaldi, 2009). Furthermore, the arthropod origin was dated back more than 540 million 
years, which is well supported by numerous early arthropod fossils discovered from the 
early Cambrian rocks with enormously diverse morphologies of these fossil taxa that 
some of them even cannot be classified into extant groups (Marshall, 2006). 
These intense arthropod diversity has triggered numerous phylogenetic studies 
focusing to the relationships of arthropod with other ecdysozoan, as well as those of 
within its four subphyla; Crustacea, Chelicerata, Hexapoda, and Myriapoda. The earliest 
studies argued that the Arthropoda is a polyphyletic group (Anderson, 1973; Manton, 
1977; Manton and Anderson, 1979; Fryer, 1998). The later studies rejected this concept of 
arthropod polyphyly which conducted with cladistics approach, molecular marker based 
analyses, or even increased sampled taxa including newly discovered fossil species 
(Kristensen, 1975; Cutler, 1980; Wheeler et al., 1993; Chen et al., 1994; Boore et al., 
1995). After the monophyly of arthropod was accepted, the focus of phylogenetic 
arguments has been moved into the hypotheses for relationships between its subphyla. 
There were arguments between Tracheata hypothesis, which suggested a sister group 
relationship between hexapod and myriapod (Beall et al., 2000; Haas et al., 2003; Bäcker 
et al., 2008), and Mandibulata hypothesis, which argued a monophyletic clade consisted 
with crustacean, hexapod, and myriapod (Boor et al., 1995; Wägele et al., 1995; Shultz et 
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al., 2000; Cook et al., 2005; Rota-Stabelli and Telford., 2008). The introduction of 
phylogenomics approach using more than 100 molecular marker genes finally brought the 
end of these debates. A number of researches with early approaches for phylogenomics 
strongly supported monophyletic Mandibulata and Pancrustacea and rejected Tracheata 
hypothesis (Meusemann et al., 2010; Reiger et al., 2010; Rehm et al., 2011). 
However, unlike those of between arthropod subphyla, the relationships between the 
major groups of Chelicerate are still interactively debated. For instance, the placement of 
Xiphosura has been controversial among recent phylogenomic studies; some studies   
suggested that Xiphosura is nested in the paraphyletic Arachnida (Sharma et al., 2014; 
Ballesteros et al., 2019; Ballesteros and Sharma, 2019; Nolan et al., 2020; Nong et al., 
2020), while others found a conventionally accepted Xiphosura-Arachnida sister group 
relationship (Lozano-Fernandez et al., 2016; Lozano-Fernandez et al., 2019). These 
phylogenomic studies included chelicerate de novo sequenced genomes representing 
almost all major clades, nevetheless, some taxa such as opiliones, pseudoscorpions, and 
pycnogonids are remained limited in their genomic. Therefore, these studies included de 
novo assembled transcriptomes of these poor sampled taxa to compensate the lack of 
accessible genomic assemblies. To further improve the credibility and resolution, a 
phylogenomic study which includes representative de novo genome assemblies for all 




Approaches and limitations of this study 
The main goal of this study is to provide a case of preliminary phylogenomic analyses 
using the datasets constructed from the de novo assembled arthropod genomes including 
two under-sampled taxa in preceeding studies, the Class Pycnogonida and the Infraorder 
Brachyura from Order Decapoda. In order to achieve this main goal, de novo genomes of 
a pycnogonid, Nymphon striatum and brachyuran crabs, Chionoecectes opilio and 
Portunus trituberculatus aseembled and analyzed at the previous Chapters, were included 
to construct data matrix for phylogenetic analyses. In addition, the proteomes based on de 
novo genome assmeblies of 11 chelicerate and 5 pancrustacean species were also 
incorporated in the data matrix analyzed in this study. With this interactively sampled 19 
species of arthropod genome based proteomes, major clades were represented with at 
least two sampled species as following; Chelicerata including Arachnida, Acariformes, 
Mesostigmata, and Pancrustacea including Hexapoda and Multicrustacea. The details of 
sampled species which were subjected in this study are further described at Table 21. To 
the current best knowledge, this is the first case of phylogenomic study which 
incorporates whole-genome scaled proteomes of pycnogonid and brachyuran decapod in 
its analyzed datamatrix. 
The approaches of this study, nevertheless, have limitations of analyzing huge datasets 
which were constructed from de novo arthropod whole-genomes. As discussed in the 
previous two chapters, the phylogenomic analyses based on the 13 PCGs (protein-coding 
genes) and much limited number (up to 8 species) of whole-genome based proteomes 
required significantly long analytic times. Although submitting these analyses on the 
CIPRES Science Gateway (Miller et al., 2010; Miller et al., 2011) greatly reduced the 
required time, the analytic approaches in this chapter were found to be abnormally 
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terminated with the memory overflow and the processes exceeding allowed running times. 
The further details of these abnormally terminated analyses are decribed in Table 22 and 
dicussed in Results and Discussion section. The investigated literatures of phylogenomic 
studies on the large sized data matrices were perfomed by cooperations with the academic 
or commercial computing servers, which was unfortunately, not possible in this study.  
Therefore, to reduce the required analytic time acceptable at current environment, some 
methodologies and models were scaled down. First, arthropod species with available de 
novo genomes, but not with proteomes were excluded from the taxa sampling of this 
study. De novo genomes of such arthropods were deposited to the NCBI oftenly without 
the submission of their genomic annotations by authors since the genomic annotation is 
not necessary requisite for validating the submitted genomic assemblies at the NCBI. This 
could be compensated with the homology-based gene prediction and then following 
manually performed gene curation. The homology-based gene prediction of multiple 
genomes can be performed with the latest version of AUGUSTUS, which requires more 
than 20 folds of CPU core days per the summed total length of analyzed genomes 
(Nachtweide and Stanke, 2019). Unfortunately, the computering resources for this study 
were heavily limited, as the UNIX system installed in the laboratory with 20 available 
physical CPU cores and 24GB sized memory. Another operating system for analyses of 
this study is the CIPRES Scientific Gate web based analytic server, which only strictly 
provide the bioinformatics softwares for inferring phylogenetic relationships.  
The other scaling down was applied to the level of sequence alignments which is 
analyzed by the phylogenetic inferring softwares of RAxML 8.2.12 HPC (Stamatakis, 
2014) and MrBayes 3.2.7 (Ronquist et al., 2012). In this study, the amino acid-level of 
orthologous genes alignments and substitution models were selected, instead of codon-
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level models with matrices of degenerated third codons used in referred researches 
(Ballesteros et al., 2019; Lozano-Fernandez et al., 2019; Noah et al., 2020). The 
application of amino acid-level of alignments can greatly reduce the required analytic 
times for orthologous search and the phylogenetic tree reconstructions as following. In 
the ortholgous gene search step, BLAST based pairwide comparison for entire genes are 
the first bottleneck in terms of the speed and time. Apparently, this all-to-all similarity 
search can be performed much faster and simpler for amin acid-level datasets than for 
codon-level of nucleotide datasets, since the latter require BLASTX which is known to be 
slow in speed to analyze large datasets such as proteomes based on the de novo genomes 
(Buchfink et al., 2015). In contrast, BLASTP (Delaney et al., 2000) can be used to 
perform relatively faster all-to-all similarity searches of proteomes based on the de novo 
genomes, since its algorithm does not include intermediate prediction of nucleotide 
sequences from the amino acid sequences or translation of nucleotide sequences back to 
amino acid sequences. In addition, the total length of the supermatrix used for the 
phylogenetic analyses can be reduced more than 3 folds by using amino acid-level of 
sequence alignments rather than codon-level of nucelotide alignments. 
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3.1.2. Materials and Methods 
Taxa sampling of representative arthropods with whole-genome based proteomes 
The "NCBI Genome List" was investigated (Latest update at 2020.05.03., Retrieved at 
2020.05.03.) to sample representative chelicerates and their serial outgroups whose de 
novo whole-genome based proteomes were available for the downstream analyses. At 
least 2 species were sampled which represent the major chelicerate taxa, except for 
xiphosuran and pycnogonid whose respective case of available proteome was only one. 
There were 3 sampled species representing the clade Arachnopulmonata, and 7 species 
representing 3 superorders of Subclass Acari. The proteomes of Limulus polyphemus and 
Nymphon striatum were selected as representatives for xiphosuran and pycnogonida, 
respectively. As outgroup to Chelicerata, 7 pancrustacean species were included in the 
sampled taxa, which also included two brachyuran crab proteomes of Chionoecectes 
opilio and Portunus trituberculatus. The sampled representative species of the clade 
Multicrustacea were comprised with 3 decapods and one copepod. There were two 
sampled species as representative taxa of Hexapoda, and Daphnia magna, a water flea, 
was selected to represent the Class Branchiopoda. Finally, Caenorhabditis elegans was 
selected as an outgroup species against the Phylum Arthropoda. The detailed information 
about these 19 sampled arthropod taxa and a nematode are indicated in Table 21. 
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Table 21. The summarized information of 20 selected species with de novo sequenced 
whole-genome based proteomes in this study 
Species Group Representing taxa Level1 
Representing 












Nymphon striatum Chelicerata Pycnogonida Pantopoda 28,539 Current study 
Limulus 







































































Table 21. Continued from the previous page 
Drosophila 



























Construction of phylogenetic data matrix 
To obtain universally shared orthologous genes from these 20 selected proteomes, 
OrthoMCL pipeline was applied. A local BLAST database was constructed from all 
protein sequences from 20 proteomes, and then BLASTP (Delaney et al., 2000) 
performed all-to-all sequence similarity search for OrthoMCL pipeline. The OrthoMCL 
v2.0.9 (Fischer et al., 2011) was used to conduct homology-searching and clustering steps 
against the BLASTP-resulted all-to-all similarity files with its default parameters. To 
obtain the data matrix with sufficient numbered universal orthologoues, the orthologous 
clusters containing at least one paralogous genes were further analyzed instead of non-
redundant clusters. Co-orthologous genes from these clusters were verified and then 
selected according to their similarity support values with increased weight for the length 
of genes, in order to minimize the content of fragmentary genes included in these clusters. 
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Finally, one orthologous cluster containing synthetic proteins was filtered out to finalize 
1,189 clustered ortholgous genes shared universally in 20 studied species. 
The amino acid sequences of each orthologous genes were merged into a multiple 
sequenced FASTA formatted file which contains 20 genes from each species in the same 
order. These 1,189 FASTA files for each orthologous genes were aligned pairwisely using 
MAFFT (Katoh et al., 2017) with its operating options as following (--maxiterate 1000  
-geneafpair). The MAFFT-aligned 1,189 aligned FASTA files underwent trimming out of 
bad qualitied alignments or gaps using trimAl (Capella-Gutiérrez et al., 2009) with its 
following parameters (-gappyout –automated1). These trimmed aligned FASTA files were 
concatenated using BeforePhylo (https://github.com/qiyunzhu/BeforePhylo) to obtain the 
finalized supermatrix for phylogenetic reconstruction analyses. 
 
Phylogenetic reconstruction analyses of genome based data matrix 
In order to convert large sized supermatrix into PHYLIP format (for RAxML) and 
NEXUS format (for MrBayes) precisely, trimAl was used (-phylip for PHYLIP formatted 
file and –nexus for NEXUS formatted file). To reconstruct the phylogenetic relationships 
of 19 arthropods and a nematode, RAxML 8.2.12 HPC (Stamatakis, 2014) and MrBayes 
3.2.7 (Ronquist et al., 2012) were applied both on the UNIX system of the laboratory and 
the CIPRES Science Gateway (Miller et al., 2010; Miller et al., 2011). Caenorhabditis 
elegans was used as the outgroup species for both analyses. The maximum-likelihood 
approach of phylogenetic analysis was performed by RAxML 8.2.12 HPC with its amino 
acid substitution model of Gamma distribution of variable sites, estimation of the most 
probable substitution ratios from unconstrainted initial matrix (-m 
PROTGAMMAAUTO). In addition, the default random seed value was provided to infer 
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parsimony during analysis (-p 12345) and the accelerated fast bootstrap analysis with 
1,000 replications (-f a -N 1000 -x 12345). The Bayesian inferred phylogenetic 
reconstruction was conducted using MrBayes 3.2.7 with its operating parameters 
following; the Gamma distributed substitution model for variable sites, (lset 
coding=variable Nucmodel=protein Rates=invgamma Covarion=Yes) and the analytical 
replications by the Markov chain Monte Carlo (MCMC) methods, (mcmcp 
ngen=1000000 samplefreq=1000). The initial 25% of replicated resulted were discarded 
as burn-in by using (burnin=10 relburnin=Yes burinfrac=0.25) options. To reduce 
analytical time by maximizing parallelized analysis, multi-threading was activated on the 
laboratory UNIX system with following commands (-T 16 for RAxML, and --use-
hwthread-cpus -np 16 mb, nchains=4 nruns=4 for MrBayes). On the other hand, the 
maximum parallelized threads allowed for RAxML (-T 24) and MrBayes (24 threads, 
nchains=4 nruns=6) were submitted. In addition, the maximum allowed analytic hours for 




3.1.3. Results and Discussion 
The phylogenetic analyses of Subphylum Chelicerata based on the curated whole-
genome datasets 
To reconstruct phylogenetic relationships of 19 selected arthropods with an outgroup 
taxon, C. elegans, three replicative analyses per each phylogenetic programs were 
performed both in the laboratory UNIX system and the CIPRES Scientific Gate service. 
These runs could not be executed parallely, since their CPU and memory occupancy were 
estimated as almost reaching the maximally allowed limits for both operating systems. As 
the result of these analyses, unfortunately, almost every runs were abnormally terminated 
except only one RAxML analytical run was successfully ended (Table 22). 
Although there was only one successfully completed analysis, the RAxML resulted on 
the CIPRES Scientific Gate, its consensus tree clearly supported monophyletic status of 
all its inferred clades (Figure 31). The Phylum Arthropoda was resolved but not subjected 
into the bootstrapping procedure due to the constraint parameter between C. elegans and 
ingroup, or Arthropoda. On the other hand, the consensus tree topology supported the 
monophyl of following nodes; Clade Pancrustacea, Clade Altocrustacea, Subphylum 
Chelicerata, Class Arachnida , Superfamily Acariformes, and Clade Arachnopulmonata 
including a xiphosuran, Limulus polyphemus (Figure 31). In addition, a sister group 
relationship between two mites superfamilies, the Ixodida and Merostigmata, was 
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Surprisingly, Limulus polyphemus was placed in the monophyletic 
Arachnopulmonata as the sister taxon of a scorpion, Centruroides sculpturatus, both 
with 100% bootstrap support values. This result accords with the two most recently 
conducted chelicerate phylogenomic researches (Nolan et al., 2020; Nong et al., 2020) 
which also strongly supported the monophyly of Arachnopulmonata with Xiposura 
nested in it. In addition, the Acariformes and the monophyletic group composed of the 
Ixodida and Mesostigmata (Figure 31) were recovered as the serial outgroups against 
the monophyletic Arachnopulmonata, which further rejected the monophyly of Acari. 
This result was also well accorded recent phylogenomic researches on chelicerate 
which also argued the polyphyletic status of Acari (Pepato and Klimov, 2015; Van 
Dam et al., 2018; Li et al., 2019; Lozano-Fernandez et al., 2019). This study, therefore, 
provide the first result from the whole-genome based data matrix, which supports the 
paraphyly of Arachnida and Xiphosura nested in the monophyletic Arachnopulmonata, 
a clade with most derived arachnids having book lungs as their repiratory systems. 
This finding also implies the plausibility of the hypothesis suggesting Xiphosura as a 
secondary marine arachnid, and two independent land invasions of arachnids, which 
was suggested by recent research incorporating both molecular phylogenomic and 
fossil record datasets (Noah et al., 2020). 
Despite of the very stable tree topology observed from the consensus tree in this 
study, there were major limitations caused by abnormal terminations of rest of 11 
analytical trials. In detail, the first trial of RAxML analysis on the laboratory UNIX 
system was ended with memory overflow error, thus any unnecessary processes were 
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terminated before starting the second trial. The second, and following last RAxML 
analysis were however, terminated due to a process error of which cause was not 
clearly designated by the UNIX system. On the other hand, both of the first and 
second RAxML analyses on the CIPRES Scientific Gate were terminated due to 
exceeding maximum time allowed in the system (Table 22A). These five terminated 
RAxML analyses produced incomplete bootstrapping result files which could not be 
subjected for consensusing the most probable tree, since RAxML could not understand 
the incompletely terminated boostrapping files. In the cases of MrBayes analyses, all 3 
replicated runs in the UNIX system and the first replicate in the CIPRES Scientific 
Gate were abnormally terminated due to undefined process error. Furthermore, the 
MrBayes analyses on the UNIX system could not finish its very first process of 
reading NEXUS file inputs, without any MCMC (Markov chain Monte Carlo) 
replications conducted (Table 22B). On the other hand, the second MrBayes run on 
the CIPRES Scientific Gate performed 5,000 MCMC replications, nevertheless it 
reached 168 hours of maximally allowed in the system. The last CIPRES submitted 
MrBayes analysis therefore underwent the reduction of required parallel chains from 
24 (nchains=4 nruns=6) into 8 (nchains=2 nruns=4). Even its analytic parameters were 
arranged for reducing required time, unfortunately, the final analysis was terminated 
incompletely by reaching the limited 168 hours, but with slight increase of its 
conducted MCMC replication as 48,000. 
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Table 22. The statistics of each 3 copies of trial of phylogenetic analyses using RAxML 
and MrBayes on the laboratory UNIX system and the CIPRES Scientific Gate 
A. RAxML analysis 
Operating System Computering resources 
Analysis 


















131.7 481/1,000 Terminated due to an process error 
CIPRES 
Available CPUs: 24 
Available RAM: 
>20GB 
48.0 492/1,000 Terminated due to exceed allowed time 
CIPRES 
Available CPUs: 24 
Available RAM: 
>20GB 
48.0 533/1,000 Terminated due to exceed allowed time 
CIPRES 
Available CPUs: 24 
Available RAM: 
>20GB 
43.1 1,000/1,000 Completed successfully 
B. MrBayes analysis 
Operating System Computering resources 
Analysis 


















2.6 0/1,000,000 Terminated due to an process error 
CIPRES 
Available CPUs: 24 
Available RAM: 
>20GB 
1.7 0/1,000,000 Terminated due to an process error 
CIPRES 
Available CPUs: 24 
Available RAM: 
>20GB 
168 5,000 /1,000,000 
Terminated due to 
exceed allowed time 
CIPRES 
Available CPUs: 8* 
Available RAM: 
>20GB 
168 48,000 /1,000,000 
Terminated due to 
exceed allowed time 
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Therefore, further analyses are necessary to be followed in order to reinforce the 
insight provided from this study. An accessible cloud system providing clustered 
computering is the most significant requisite in order to stably conduct RAxML and 
MrBayes driven phylogenetic analyses, with even larger data matrices containing 
more number of sampled taxa. Second, it is also necessary to incorporat arthropod 
species with availabble de novo genomes, but not proteomes as sampled taxa for 
future studies. This can be accomplished with the homology-based gene prediction 
and following manual curation processes, but as in enlarged, whole-genome scale of 
analyses. The increase of sampled species representing under-sampled taxa in this 
study such as Order Scorpiones and Xiphosura will contribute the improvement of 
phylogenetic resolution between these taxa greatly. Lastly, future phylogenetic 
inference analyses need to be performed in the codon-scale nucleotides, with 
incorporating the substitution matrices of first two codon sites and degenerated third 
codon site, instead of in amino acid sequences. 
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CONCLUSION 
This study has described five cases of de novo assemblies, their genomic annotations 
and characteristics which were newly conducted. In addition, this study has discussed 
three levels of bottlenecks in de novo whole genome analysis for non-model arthropod 
species and the possible solutions for these bottlenecks. This study also has described the 
genomic level of phylogenetic analyses focusing on the Subphylum Chelicerata with 
inclusion of the first case of pycnogonid representative with de novo genome based data. 
The first chapter of this dissertation describes the assembly quality, genomic 
annotations and features of a marine fish, Liparis tanakae. In addition, L. tanakae de novo 
genome containing 35 copies of various collagen genes provided putative genomic 
contexted explanation of its mucous rich skin and muscle tissues. The first chapter also 
describes the unique characteristics of de novo assembled Chionoecetes opilio 
mitochondrial genome and the phylogenetic relationship of 12 decapod species using 13 
protein-coding genes. 
The Chapter 2 of this dissertation provides the genomic characteristics and discussions 
of three de novo assembled marine arthropod genomes. The Portunus trituberculatus 
genome was de novo assembled basically as the same workflow with L. tanakae 
described in the previous chapter, significantly low assembly quality was yielded from 
the P. trituberculatus. The difference of reproductive ecology and genomic complexity 
were discussed as the probable causes of much lower genomic contiguity and 
completeness of P. trituberculatus genome. On the other hand, the high coverages of 
PacBio de novo genome sequencing has enabled the high-qualitied genome assemblies of 
two marine arthropods as described in the second chapter of this dissertation. The 
Nymphon striatum and Chionoecetes opilio genomic assemblies showed greatly improved 
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genomic contiquity and completeness which were indicated with their scaffold N50 
values and contents of complete BUSCO genes exceeding 100Kb and 90%, as described 
in Chapter 2-2. Their enhanced assembly qualities also enabled more informative 
downstream analyses of orthologous gene search and accurate phylogenetic tree 
reconstructions. In Chapter 2-3 of this dissertation, the discussions on the Hox genes 
characteristics and potential methodological improvements for future studies were 
developed. The annotated Hox genes of C. opilio, N. striatum, and P. trituberculatus 
suggested that Hox gene loss in arthropods is rare, and both of C. opilio and N. striatum 
Hox genes possibly underwent significant genomic rearrangement. Two improved DNA 
extraction protocols and Oxford MinION sequencing are discussed as the possible 
solution for the first bottleneck of obtaining sufficient amounts of genomic DNA with 
minimized degradation. To overcome the second bottleneck of effective scaffolding for 
highly heterozygous marine arthropod genome, Chapter 2-3 also discussed possible 
applications of superscaffolding by BioNano, 10X genomics, and Illumina Hi-C 
sequencing technologies. These discussions on optimizing de novo genome researches on 
marine arthropods were finally developed as the suggested workflow in Chapter 2-3. 
The final chapter describes the preliminary chelicerate phylogenomics study which 
incorporated under-sampled pycnogonid and brachyuran de novo genome based data for 
the first time. Although the study of the final chapter requires further improvements in the 
number of sampled taxa and the substitution models used for analyses, methodologies and 
analyses were practiced with the best of efforts in currently available computering 
resoruces. The resulted consensus tree also strongly supported the recent hypothesis of 
Xiphosura nested with in the Arachnopulmonata instead of traditionally accepted sister 
group relationship between Xiphosura and Arachnida. 
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ABSTRACT (In Korean) 
포스트게놈 시대의 도래에 따라 드노보 유전체 조립은 비모델 생명체의 
생명현상을 연구하는데 필수적인 과정이 되었다. 비모델 절지동물의 드노보 
조립된 유전체의 사례는 근래에 들어 급격하게 증가했다. 그러나, 해양 
절지동물은 놀라울 정도로 다양한 분류군과 형태를 가짐에도 불구하고, 가장 
드노보 유전체 조립 연구가 미흡한 분류군 중 하나이다. 현재까지 보고된 
해양 절지동물의 드노보 유전체 조립 연구는 대부분이 그 양과 질 모두가 
제한적이다. 그러므로, 본 연구는 국내에서 최초로 선행 연구가 미흡한 해양 
절지동물 분류군인 바다거미 강과 단미 하목에 초점을 맞춰 드노보 유전체 
조립 및 분석을 실시하였다. 본 연구의 결과로, 1건의 미토콘드리아 유전체와 
4건의 전장유전체가 드노보 조립되었으며, 조립된 유전체의 특징이 
기술되었다. 단서열 염기서열결정법으로 조립된 두 건의 유전체의 품질은 
비교적 낮았으나, 장서열 염기서열결정법을 주로하여 조립된 Nymphon 
striatum과 Chionoecetes opilio 유전체가 매우 풍부한 고품질 유전체 정보를 
제공한다는 것이 밝혀졌다. 본 연구에서 수행된 기초적인 계통유전체학 
연구는 바다거미 강과 십각 목을 각각 대표하는 드노보 조립된 유전체를 
최초로 포함했으며, 이를 통해 최근 논란의 대상인 거미강에 속하는 투구게류 
가설을 지지하는 결과를 나타내는 것으로 밝혀졌다. 더 나아가, 비생물정보학 
연구실 환경에서 이루어지는 드노보 유전체 연구에서 발생하는 제한요인들을 
181
분석함으로써 비모델 해양 절지동물의 드노보 유전체 연구에 최적화된 
안정적인 연구방법론을 제시하였다. 
주요어 : 계통유전체학, 드노보 유전체 조립, 미토콘드리아 유전체, 
비교유전체학, 전장유전체, 해양 절지동물 
